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Abstract
The chemical and physical processes controlling contaminant fate and transport in
the vadose zone limit the options for application of many remedial technologies. Foam
delivery technology (FDT) has been developed as a potential solution to overcome these
limitations for remediating subsurface and deep vadose zone environments using reactive
amendments. Although there are many advantages to utilizing FDT for treatment in the
deep vadose zone, little information is available on how the addition of these surfactants
and remedial amendments affect the indigenous microbial communities in the deep
vadose zone as well as the impact of biological transformations of surfactant-based foams
on remediation efforts. The purpose of this study was to develop a rapid method for
assessment of microbial communities in contaminated subsurface environments. This
research was divided into two phases: (1) assess the toxicity of proposed FDT
components on a single bacterial species, Shewanella oneidensis MR-1; and (2)
determine the effects of these components on a microbial community from the vadose
zone.
In Phase I, S. oneidensis MR-1 was exposed to proposed FDT components to
assess potential growth inhibition or stimulation caused by these chemicals. S. oneidensis
MR-1 cultures were exposed to the surfactants sodium laureth sulfate (SLES), sodium
dodecyl sulfate (SDS), cocamidopropyl betaine (CAPB), and NINOL 40-CO, and the
remedial amendment, calcium polysulfide (CPS). Results from this phase revealed that

x

the relative acute toxicity order for these compounds was SDS>>CPS>>NINOL40CO>SLES≥CAPB. High concentrations of SDS were toxic to the growth of S.
oneidensis MR-1 but low concentrations were stimulatory. This benchtop system
provided a capability to assess adverse microbial-remediation responses and contributed
to the development of in situ remedial chemistries before they are deployed in the field.
For Phase II, sediments from the BC Cribs and Trenches (BCCT) area of the
Hanford Site, WA, were characterized before and after exposure to potential FDT
components. First, the phylogenetic and metabolic diversity of sediment from the BCCT
was assessed by sequencing the microbial community and measuring the metabolic
activity. The sediment was also incubated with various concentrations of SDS, CAPB,
and CPS. Phylogenetic analysis detected phylotypes from the Alpha-, Beta-, Delta-, and
Gammaproteobacteria, and Actinobacteria. Unlike the S. oneidensis MR-1 studies
conducted in Phase I, the surfactants and CPS stimulated the metabolic activity of the
native microbial communities. The observed stimulation could be caused by sorption of
the chemicals to the sediment particles, or utilization of the surfactants by the microbial
communities. These findings emphasize the importance of monitoring microbial activity
at remediation sites in order to determine short and long term efficacy of the treatment,
compliance with regulatory mandates, and act as an early warning indicator of
unintended changes to the subsurface.

xi

Chapter 1 Introduction
During World War II, President Franklin D. Roosevelt commissioned the Army
Corps of Engineers to harness the energy of chain reactions involving uranium to develop
“extremely powerful bombs” (Gosling, 1999). Codenamed the Manhattan Project, three
nuclear facilities, located in Oak Ridge, TN, Hanford, WA and Los Alamos, NM, were
built, each providing different steps toward the completion of the first atomic bomb. The
Oak Ridge Site was responsible for uranium enrichment, plutonium was produced at the
Hanford Site and weapons development and testing was performed at the site in Los
Alamos, NM. The Hanford Site is the largest of the three defense production sites, with a
land area of approximately 1500 km2 (McKinley et al., 2007). Over the course of 20
years, a total of nine plutonium production reactors were built along the Columbia River
(Fitzner and Gray, 1991), where plutonium and reusable uranium were processed for
nuclear weapons. An estimated 107,000 tons of nuclear fuel were produced at the
Hanford Site (Fredrickson et al., 2004a). As a result, approximately 55 million gallons of
high level radioactive waste were stored in 177 underground single- and double-shell
tanks (Icenhower et al., 2008; Zachara et al., 2007b). The original intent of the US
Department of Energy was to determine a means for permanent disposal of all waste
produced within 20 years of generation. However, large amounts of waste still remain
and current activities at the Hanford Site are focused on developing new clean-up and
remediation strategies.
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Contamination at the Hanford site is a growing concern. Leaks in underground
tanks were suspected as early as 1956 and were later confirmed in 1959 (Fredrickson et
al., 2004a; Zachara et al., 2007b). An estimated 0.6 to 1.5 million gallons of high level
radioactive waste is believed to have leaked into the surrounding soil (Fredrickson et al.,
2004a). Gephart (2003) reported that an additional 120 million gallons were discharged
directly into the soil through intentional or accidental releases. To date, approximately
28,300 m3 (1 million ft3) of soil is contaminated with radionuclides from liquid wastes
(Gee et al., 2007). Most of the wastes released into the vadose zone have formed stable
compounds with subsurface sediments; however, oxyanions, such as pertechnetate
(TcO4−), are quite mobile in the vadose zone.
Technetium-99 (99Tc), is produced from the fission of plutonium and uranium
atoms and is found in wastes at the Hanford Site. Due to the high solubility of the
pertechnetate anion in water, 99Tc poses a contamination threat to the groundwater and
nearby Columbia River (Icenhower et al., 2008). Rapid movement of 99Tc through the
vadose zone is caused by (i) suppressed adsorption to sediments due to high
concentrations of waste anions, (ii) the negative surface charge of the vadose zone clay
fraction and (iii) the instability of reduced forms of 99Tc in oxidizing environments (Gee
et al., 2007; Zachara et al., 2007b). To prevent further contamination of the vadose zone
with 99Tc, as well as remediate current waste, new strategies are needed to immobilize
this radionuclide. In situ remediation of contaminants such as 99Tc can be problematic as
water-based delivery of remedial amendments or chemicals to the vadose zone or
groundwater has the potential to increase the mobility of this contaminant in the
environment.
2

One strategy that has been proposed involves the use of surfactant-based delivery
of a remedial amendment, such as calcium polysulfide (CPS; CaS5), to sequester 99Tc in
the vadose zone. Also known as foam delivery technology (FDT), the surfactants are
used to evenly distribute the remedial amendments throughout the heterogeneous
subsurface. CPS was chosen as the remedial amendment because it is a strong reducing
agent that has been used to immobilize Cr(VI), U(VI) and Tc(VII). Reduction of
pertechnetate by CPS results in the formation of technetium dioxide (Tc(IV)O(OH)2(s)),
an immobilized form of 99Tc. The redox oxidation-reduction reaction of pertechnetate
(TcO4−) with CPS is:
2TcO4− + 3CaS5 + 8H+  2TcO(OH)2° + 15S(s) + 3Ca2+ + 2H2O

(1.1)

Surfactants for the foam formulations were chosen based on the physical and chemical
characteristics of 99Tc. Since pertechnetate has a negative charge, anionic (sodium
dodecyl sulfate and sodium laureth sulfate) and non-ionic (cocamidopropyl betaine and
NINOL 40-CO) surfactants were chosen to prevent any potential binding with
pertechnetate.
Little is known about the effects of FDT on the indigenous microorganisms in the
subsurface. While it is possible that the surfactants and CPS may be inadvertently used
as electron donors or acceptor, respectively, during remediation strategies, these
chemicals may, in fact, be toxic to native microbial communities. Furthermore, changes
in microbial activity caused by the addition of these chemicals to the subsurface have the
potential to inhibit or enhance remediation efforts. This project aims to determine how
FDT influences microbial community structure and function in the deep vadose zone and
is divided into two phases. Phase 1 assessed the effects of the aforementioned surfactants
3

and CPS on the growth rates, viability and gene expression of Shewanella oneidensis
MR-1. Shewanella oneidensis MR-1 was used as a surrogate for the native
microorganisms in subsurface environments due to its metabolic diversity (Carpentier et
al., 2003; Lloyd and Macaskie, 1996; Myers and Nealson, 1990). Phase 2 examined the
effects of the surfactants and CPS on native microbial communities collected from the
Hanford Site.
1.1. Research Hypotheses and Objectives
1.1.1. Research Hypothesis A- The Surfactants Sodium Laureth Sulfate (SLES), Sodium
Dodecyl Sulfate (SDS), Cocamidopropyl Betaine (CAPB), and NINOL 40-CO and the
Remedial Amendment Calcium Polysulfide (CPS) Will Stimulate the Growth of S.
oneidensis MR-1
1.1.1.1. Objective 1- Determine the Potential for the Surfactants and CPS to Stimulate the
Growth of S. oneidensis MR-1
S. oneidensis MR-1 cultures were exposed to various concentrations of the SLES,
SDS, CAPB and NINOL 40-CO. Cultures were also amended with CPS to determine the
potential toxicity of the chemical to S. oneidensis MR-1. The detailed methods, results
and implications are presented in Chapter 3.
1.1.2. Research Hypothesis B- Addition of Surfactants and CPS Will Alter the Structure
and Function of Native Microbial Communities in the Vadose Zone
1.1.2.1. Objective 1- Define the Initial Community Structure of the Native
Microorganisms
The microbial communities collected from 200 Area sediment of the Hanford Site
were sequenced to assess their diversity. Metabolic activity (substrate utilization
4

profiling) and cell number (CFU/mL) were also measured. The detailed methods, results
and implications are presented in Chapter 4.
1.1.2.2. Objective 2- Assess the Effects of SDS, CAPB and CPS on the Metabolic
Potential of Native Microbial Communities
The purpose of these experiments was to assess the effects SDS, CAPB and CPS
on indigenous microbial communities of soil collected from different locations with
varying environmental conditions. Selected surfactants, SDS and CAPB, were chosen for
their stimulatory (SDS) and inhibitory (CAPB) effects on the growth of S. oneidensis
MR-1. Sediment from the 200 Area of the Hanford Site was incubated with various
concentrations of SDS, CAPB and CPS. The resulting shifts in the microbial
communities were detected using BIOLOGTM EcoPlates, and multivariate analysis was
performed. Detailed methodology, results and implications are found in Chapter 5.
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Chapter 2 Literature Review
2.1. Hanford Site, WA
The mineralogy, geology and subsurface geochemical processes of the Hanford
Site, each add additional layers of complexity to the migration and transport wastes in the
vadose zone.
The Hanford Site is located in southeastern Washington State, within the Pasco
Basin, adjacent to the Columbia River (Fig. 1.1). This semiarid region sits on the
Columbia Plateau in the rain shadow of the Cascade Mountains, and thus average rainfall
is <7 in. yr-1 (Gee et al., 2007). The site sits on approximately 586 sq mi of land and is
the largest of three original nuclear weapons facilities. The site is separated into three
major zones: 100 Area, 200 Area and 300 Area. Hanford Site was selected for plutonium
production because it met the following criteria: (i) an abundant water source to cool the
reactors, (ii) reliable hydroelectric power source, (iii) large piece of land with a mild
climate, (iv) small population, and (v) no town of 1,000 or more citizens within 20 miles
of the site (Gephart and Lundgren, 1995; Gray and Becker, 1993). Built in 1943 as part
of the Manhattan project, Hanford Site was home to nine plutonium reactors; some of
which were used in the first atomic bomb at Trinity Site, NM and in the “Fat Man” in
Nagasaki, Japan. Approximately 104 metric tons of plutonium were extracted from
irradiated uranium at Hanford (Fredrickson et al., 2004a). Most of the resultant waste
was either stored in massive underground steel/concrete tanks or directly deposited into
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the soil (Gee et al., 2007). By the end of the Cold War, all of the weapons production
reactors were decommissioned. Currently, the Hanford Site is the home to the largest
environmental cleanup in the nation.
To understand the migration of tank wastes in the vadose zone at Hanford Site,
the mineralogy and geology must be addressed. The Pleistocene-age (2.588 million to
12,000 years before present) Hanford formation was formed from catastrophic flood
deposits from glacial Lake Missoula (Gee et al., 2007; Zachara et al., 2007b). Sediments
in the Hanford formation are characterized as loose, boulder-size gravel, sand and silt
(Serne et al., 2008). The Pliocene-age (5.332 to 2.588 million years before present)
Ringold formation was formed from the deposition of clay, silt and sand into the
landscape by the ancestral Columbia River (Cantrell et al., 2007; Zachara et al., 2007b).
Ringold formation sediments are comprised of clay, silt, and fine to coarse sand (Serne et
al., 2008). Both of these geologic units contribute to the 30.5 to 122 m of unconsolidated
sediments found at the Hanford Site (Zachara et al., 2007b). Gravel fraction of the
sediments constitute >50% subangular to subrounded basalt fragments. The sand fraction
is composed of 50% basaltic lithic fragments and 50% granitic fragments (Zachara et al.,
2007b). Quartz, feldspars and micas dominate the silt fraction, whereas clay is
dominated by phyllosilicates, ferroan chlorite and mica (Zachara et al., 2007b).
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Figure 2.1. Hanford Site map (Hartman, 2004). (Public document)

An iron-rich mineral fraction is also present in Hanford sediments at ≤2 mass %
(Zachara et al., 2007b). This magnetic fraction consists of magnetitie, ilmenite,
Fe(II)/Fe(III) phyllosilicates, and Fe(III) oxides, such as ferrihydrite and goethite
(Zachara et al., 2007b). Additionally, Hanford sediments have a high total manganese
concentration, as a result of copius mafic/basaltic lithic fragments (Zachara et al., 2007b)
and an average calcite concentration of 1.79 mass % (Serne et al., 2008). Highly
dissolved bicarbonate and calcite in soil water of non-contaminated Hanford sediments
maintain a relatively neutral pH (Zachara et al., 2007b). Furthermore, the soil organic
8

matter of non-contaminated Hanford vadose zone sediments is low (Krupka and Serne,
2002). The cation exchange capacity (CEC) of Hanford Site is dependent upon sediment
texture and has an inverse relationship with particle size (Ward et al., 2006). Hanford
sediments exhibit a range of CEC values (20 to 240 µeq g-1) and these values have a
positive linear correlation with silt and clay, but a negative correlation with sand (Ward et
al., 2006).
Plutonium production at Hanford involved three chemical processing regimes:
bismuth phosphate (1944-1956), oxidation/reduction (1952-1967), and plutonium and
uranium recovery by extraction (PUREX; 1956-1972, 1983-1989) (Zachara et al.,
2007b). High-level radioactive and hazardous waste, including organic compounds and
metal salts, was piped directly to underground, carbon steel storage tanks located in the
200 Area (Gephart and Lundgren, 1995). The general sources of contamination at the
Hanford Site are shown in Figure 2.2. The storage capacity of single-shell tanks ranged
in volume from 55,000 to 1 million gallons, while the double-shell tank volume ranged
from 1 to 1.1 million gallons (Gephart and Lundgren, 1995). Initially, tank wastes were
highly acidic (HNO3 used in PUREX) but were later overneutralized with NaOH to
prevent tank corrosion (Zachara et al., 2007b). Once wastes were routed to tanks, their
chemistries and compositions were altered by: (i) boiling from radioactive decay, (ii)
waste mixing and condensing, in order to maximize limited storage space in the tanks,
(iii) the absorbance of CO2 by the caustic supernate, (iv) uranium recovery from the
bismuth phosphate wastes and (v) removal of 137Cs and 90Sr from redox and PUREX
wastes (Cantrell et al., 2007; Zachara et al., 2007b). In an effort to maximize tank
storage space and recover unprocessed uranium, a tank scavenging program was
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implemented. The supernatant from the Uranium Recovery Project, as well as the
ferrocyanide process (used to precipitate 137Cs from high-level tank waste) was deposited
into 26 cribs and trenches for discharge into the vadose zone (Gephart and Lundgren,
1995; Rucker and Sweeney, 2004). This is discussed in further detail in Section 2.2.
The geochemical processes occurring in the vadose zone, in conjunction with the
waste chemistry and mineralogical and soil properties govern contaminant transport at
Hanford Site. The geochemical processes that influence radioactive and hazardous waste
mobility through the vadose zone include: (i) ion exchange of indigenous ions (Ca2+,
Mg2+ and minor Sr2+) into porewater by high sodium waste fluids causing supersaturation
of Ca2+ and Mg2+ in the sediment exchanger phase and isotopic switch of the stable Sr2+
with 90Sr2+, (ii) dissolution/precipitation of polyvalent metals and radionuclides, (iii)
oxidation/reduction reactions of oxyanions with oxygen or calcite or Fe(III) oxides, (iv)
colloid facilitated migration of strongly sorbing radionuclides (137Cs+), (v) aqueous
complexation of organic compounds, primarily ethylenediamine tetraacetic acid (EDTA),
with insoluble cationic radionuclides (Co, Pu and Am) thereby enhancing their mobility
through sediments, (vi) surface complexation of uranium with metal oxides or
pyllosilicates, (vii) oxyanion migration through sediments, and (viii) microbial
interactions with tank and crib/trench waste (Zachara et al., 2007b).
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Figure 2.2. General vadose zone contamination at Hanford Site. (Last et al., 2006).
(Public document).

2.2. Microbial Processes in the Vadose Zone
Microbial growth in the vadose zone, as in all environments, is influenced by the
pH and temperature, as well as the availability of moisture, carbon and energy sources,
terminal electron acceptors and nutrients (Holden and Fierer, 2005). Nutrient availability
and water content decrease dramatically with depth in the vadose zone (Holden and
Fierer, 2005). Moreover, water content also affects carbon availability at depth (Kieft et
al., 1993). Depth profiles of Midwest agricultural soil performed by Konopka and Turco
(1991) showed that clay content and organic matter, also decrease with depth. Clay
content directs the availability of exchangeable ions, while organic matter dictates the
availability and abundance of sorbed organic compounds. As nutrient and water
availability decrease with depth, microbial biomass and diversity also decrease.
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Microbial abundance is highest around preferential flow paths in the vadose zone.
Anaerobic microorganisms are not commonly found in the vadose zone as it is normally
well aerated (Hirsch et al., 2002). However low O2 regions, or microenvironments, can
be found in deeper soils, as evidenced by the anaerobic degradation of the herbicide,
alachlor by microorganisms enriched from the vadose zone (Pothuluri et al., 1990). In
shallow vadose zones, microbial cell densities are highest at the near surface and in the
capillary fringe region (Holden and Fierer, 2005). Microbial diversity is also higher
within the capillary fringe.
Although studies show that microbial enzymatic activity decreases with depth
(Taylor et al., 2002), respiration rates in deeper soils can be as high, if not higher than,
those at the surface following the addition of water or aqueous nutrients (Chapatwala et
al., 1996; Dick et al., 2000). Increased CO2 production in the subsurface is a result
continuous biotic respiration of plant roots and microorganisms, and underground
diffusion (Davidson and Trumbore, 1995). Pore size can also affect microbial activity in
the vadose zone. Metabolic activity in interconnected macropore environments tends to
be high due to increased nutrient availability. The small size of micropore environments
inhibits the diffusion of nutrient recharge. Furthermore, diffusion of nutrients into
micropore environments tends to be restricted due to the smaller pore sizes, thus limiting
metabolic activity (Fredrickson et al., 1997).
Studies on the interactions between vadose zone microorganisms and metal
contaminants are not as extensive as those with organic pollutants. Soil contaminated
with heavy metals and radionuclides result in environmental stress to the already, dry and
nutrient limited microbial communities. Environmental conditions in the vadose zone are
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not always conducive for dissimilatory metal reduction by bacteria such as Shewanella
and Geobacter, nevertheless, the indigenous microbial populations of the vadose zone
have been shown to be capable of forming biofilms on stainless steel, nickel alloy and
titanium at high humidity and moderate temperatures (Else et al., 2003). Furthermore,
they have been shown capable of surviving the severe chemical and physical stress of
radioactive materials (Fredrickson et al., 2004a).
2.3. Technetium
Technetium is a major groundwater contaminant at U.S. Department of Energy
sites and new strategies are needed to contain this contaminant in the vadose zone.
Currently, a 99Tc plume exists between 30 and 60 ft below ground surface (bgs) in the
BCCT section of the 200 East Area.
Technetium (Tc) is an unstable, radioactive element, produced as a decay product
of neutron or deuteron activation of molybdenum isotopes and more commonly during
the fission of uranium (235U) and plutonium (239Pu) (Icenhower et al., 2008). Discovered
in 1937 by Perrier and Sergè (1937), technetium has no stable isotopes. Most of the
isotopes of Tc have such short half-lives that none of them were present during the
formation of Earth (Icenhower et al., 2008). The heavier isotopes are more stable and
99

Tc is favored in fission reactions. Technetium can exist in oxidation states ranging

from -1 to +7; however, the most common states are +4 and +7. In its oxidized state
(+7), preferably as the pertechnetate ion (TcO4−), technetium is highly soluble and mobile
and thus has been used as a tracer of oceanic currents (Aarkrog et al., 1987).
Pertechnetate can travel to the subsurface at the same rate as groundwater (Rudin
et al., 1992) and is thus one of the fastest moving radonuclides in the environment
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(Bondietti and Francis, 1979; Lloyd et al., 2000). In its general reduced form,
Tc(IV)O2·nH2O(s), technetium is highly immobile and forms surface complexes with both
aluminum and iron oxides as well as complexes with carbonate (Alliot et al., 2009;
Wildung et al., 2000). Fig. 2.3 shows the Eh-pH diagram for technetium. At an Eh of 0,
TcO4− and TcO2∙2H2O are in equilibrium at approximately pH 8.

Figure 2.3. Eh-pH Diagram for technetium speciation. The shaded area represents the
region in which the amorphous solid, TcO2∙2H2O(am) is stable (Icenhower et al., 2008).
(Public document)
Atmospheric nuclear testing has resulted in the release of 100 to 140 × 1012 Bq1 of
99

Tc, most of which has been deposited into sediments (Icenhower et al., 2008). Taking

into consideration the large amounts of technetium produced by nuclear power plants,
there are approximately 290 metric tons of 99Tc present today (Icenhower et al., 2008).

1

One Becquerel (Bq) is defined as the activity of a quantity of radioactive material in which one nucleus
decays per second.
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Additionally, low concentrations are found in air, sea water, soil, plants and animals
(USEPA, 2011). The long half-life of technetium, 2.13 × 105 years, makes it persistent in
the environment and a potential health concern. The potential health effects of
technetium exposure are still largely unknown and more studies are needed to assess the
environmental impacts as well.
Technetium primarily enters the body through ingestion of contaminated food or
water. Bioaccumulation of 99Tc in plants, caused by uptake from soil provides a medium
through which 99Tc can move up the food chain. Ingested technetium will concentrate in
the thyroid and gastrointestinal tract, and then half is excreted (biological half-life) every
60 h (USEPA, 2011). As with other radionuclides, 99Tc is a radioactive metal that emits
beta radiation, and thus can increase incidences of cancer in humans (Burke et al., 2005).
Acute exposure to beta particles is uncommon; therefore most of the current data are
results of chronic exposure. The US Environmental Protection Agency (2011) reports
that exposure to beta particles “…can pose a serious direct, or external, radiation threat
and can be lethal depending on the amount received.” Inhalation of 99Tc particles poses
the greatest threat as the biological half-life in lung tissue is much longer than the rest of
the body and thus could lead to the development of lung cancer or other diseases
(Icenhower et al., 2008).
From 1943 to 1987, 1990 kg of 99Tc were produced at the Hanford site (Darab
and Smith, 1996), small fractions of which were shipped offsite, or directly released into
the environment (Icenhower et al., 2008). Reprocessing uranium fuel rods lead to the
release of soluble technetium among other radioisotopes into a high-level waste stream
(Icenhower et al., 2008; Wildung et al., 2000). This waste was typically stored in single15

and double-shell underground storage tanks; however, there are instances of direct release
into seawater or engineered storage ponds found in river systems (Icenhower et al.,
2008). Currently, much of the remaining 1310 ± 220 kg of 99Tc are stored in the singleand double-shell tanks (Icenhower et al., 2008). Several of the single-shell tanks have
leaked and, given the speed at which 99Tc travels in groundwater, contamination of the
Columbia River is bound to occur (Gee et al., 2007). Technetium contamination is well
above the drinking water standard (DWS; 900 pCi L−1 2) in several groundwater
monitoring wells at Hanford Site (Biggerstaff, 2008; McDonald, 2008). For example, the
maximum concentration of 99Tc in a well located in the northeast corner of Waste
Management Area T was 9,100 pCi L−1 in 2008 (Biggerstaff, 2008). The average annual
concentration of 99Tc in another groundwater monitoring well in 2008 was 55,000 pCi
L−1 (McDonald, 2008). Additionally, much of the waste produced from the uranium
recovery project and ferrocyanide processes was routed to the BC Cribs and Trenches
(BCCT) (Rucker and Sweeney, 2004).
The BC Cribs and Trenches area (Fig. 2.4) covers approximately 22 acres in the
200 East Area. Liquid disposal to the BCCT was occasionally sporadic and in large
pulses (42 m3) (Rucker and Fink, 2007). This waste was mostly neutral to basic in pH
and consisted of a mixture of inorganic salts, radionuclides and other fission products
(USDOE, 2003). The idea behind ground disposal of the liquid wastes was that most of
the radiological contaminants would be retained in the soil via ion exchange, thereby
limiting most contaminant migration to the water table (Rucker and Fink, 2007). This

2

1 Ci = 3.7×1010 decays per second or Bq
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theory, known as specific retention, refers to the volume of liquid that can be held under
gravity by a defined soil volume (Rucker and Sweeney, 2004). An unsaturated pore
volume value was estimated for the BCCT and that volume was deposited into the area
(Rucker and Sweeney, 2004). While the method was effective at retaining cesium,
plutonium and strontium in the vadose zone, pertechnetate was not retained in the
negatively charged vadose zone. Moreover, the BCCT area received more than 20
million gallons of waste with over 400 Ci of 99Tc-, the largest inventory of 99Tc ever
applied to the ground at Hanford (Morse et al., 2008; Rucker and Fink, 2007). Hartman
et al. (2004) estimates that 99Tc contamination from the 200 East and 200 West Areas
will reach the Hanford aquifer in 40 to 50 years and 125-135 years, respectively.
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Figure 2.4. The BC Cribs and Trenches located in the 200 East Area taken from Rucker
and Fink (2007) with permission of the Soil Society of America.
2.4. Biotransformations of 99Tc
Bioremediation is the process in which microorganisms are used to facilitate the
removal or immobilization of contaminants found in soils, sediments, water or air.
Microbial interactions with metals and radionuclides are essential to the removal and/or
immobilization of these contaminants in the environment. Several bacteria are capable of
reducing the very mobile TcO4− into the less mobile TcO2·nH2O. Referred to as
dissimilatory metal reducing bacteria (DMRB), the key feature of these organisms is that
in the absence of oxygen they are able to respire several electron acceptors. including
organic and inorganic substrates, as well as metals and radionuclides. Table 2.1 lists the
major bacterial species that have been used in bioremediation studies. It is important to
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note that while these organisms are capable of 99Tc reduction, they cannot use this
reaction to support growth (Lloyd, 2003).

Table 2.1. Some relevant microorganisms capable of Tc(VII) reduction
Name of organism

Significance to Remediation

References

Shewanellae

Facultative anaerobic bacteria, capable of utilizing
various terminal electron acceptors including heavy
metals and radionuclides such as Fe(III), Mn(IV),
Cr(VI), U(VI), and Tc(VII)

(Fredrickson et al., 2008; Lloyd and
Macaskie, 1996)

Geobacter

Obligate anaerobic bacteria capable of transforming
nitrate, Fe(III), Mn(IV), Pu(VI), Tc(VII) and U(VI)

(Icopini et al., 2009; Lloyd et al.,
2000; Methe et al., 2003)

Desulfovibrio

Obligate anerobic, sulfate-reducing bacteria, capable
of reducing U(VI), Cr(VI), and Tc(VII)

(Goulhen et al., 2006; Heidelberg et
al., 2004; Payne et al., 2004)

Anaeromyxobacter
dehalogenans strain 2CP-C

Versaphilic bacterium, capable of reducing Fe(III),
U(VI), and Tc(VII)

(Marshall et al., 2009; Plymale et al.,
2011)

Deinococcus radiodurans
R1

Facultative anaerobic bacterium capable of reducing
Fe(III), Tc(VII), Cr(VI) and U(VI)

(Fredrickson et al., 2000)

Clostridia

Obligate anaerobic bacteria, capable of reducing
U(VI), Tc(VII)

(Francis et al., 2002; Gao and
Francis, 2008; Inglett et al., 2011)

Escherichia coli K-12

Facultative anaerobic bacterium capable of reducing
Fe(III), Tc(VII)

(Lloyd et al., 1997; McKinlay and
Zeikus, 2004)

The environmental conditions required for microbial reduction of TcO4− depends
on the redox conditions of the system. Table 2.2 lists the ranges of Eh values (pH 7) in
typical soils and their corresponding biogeochemical zones. Before subsurface
microorganisms will reduce Tc(VII), the preceding, and more thermodynamically
favorable, electron acceptors must be depleted. Nitrate is often a co-contaminant with
radionuclides due to the use of nitric acid in isotope separation processes. Given the Eh7
values of 550 and ∆G of −806 mV, nitrate reduction should begin before reduction of
Tc(VII). Lloyd et al. (1999b) observed the inhibition and repression of Tc(VII) reduction
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by anaerobic cultures of E. coli in the presence of 10 mM nitrate. Other researchers have
reported similar results of inhibition in Tc(VII) reduction (Abdelouas et al., 2005; Burke
et al., 2005). However, there are instances when nitrate reduction and Tc(VII) reduction
happen concurrently (Istok et al., 2004).

Table 2.2. Redox couple ladder
Redox Reaction

Eh7(a)
(mV)

Oxygen reduction
(O2 ↔ H2O)

Biogeochemical Zone

∆G(b)
kj/mol

Oxic respiration

−856

Initial nitrate reduction
(NO3− ↔ N2/NO2−)

550-450

Nitrate reduction

−806

Initial Mn2+ formation
(MnO2 ↔ Mn2+)

450-350

Manganese reduction

−569

O2 no longer detectable

330

Nitrate no longer detectable

220

Technetium reduction
(TcO4−↔ TcO2)

200-100

Technetium reduction

−436

Initial Fe2+ formation
(Fe2O3 ↔ Fe2+)

150

Iron reduction

−361

Sulfate reduction
(SO42− ↔ H2S)

−50

Sulfate reduction

−48

Initial methane production
(CO2/CH2O ↔ CH4)

−120

Sulfate no longer detectable

−180

(a) Eh7 = the Eh at pH 7
(b) Free-energy change per mole of acetate consumed as electron donor
Adapted from Icenhower et al. 2008

Lloyd and Macaskie (1996) developed a novel technique for quantifying low
concentrations of radionuclides. The method involves the use of a phosphorimager to
measure microbial reduction of 99Tc by anaerobic cultures of Shewanella putrefaciens
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and Geobacter metallireducens. Stationary phase cultures of both S. putrefaciens and G.
metallireducens were suspended in carbonate buffer (pH ~7.0) and amended with lactate
and acetate, respectively, as the electron donors under an N2-CO2 (80:20) atmosphere.
Ammonium pertechnetate was added to a final concentration of 0.25 mM. Both of these
organisms were able to reduce Tc(VII) under anaerobic conditions; however, each
organism produced different reduction products. S. putrefaciens reduced approximately
65% of the 0.25 mM Tc(VII) added to the cultures to Tc(V), Tc(IV), and an unidentified
Tc species. Furthermore, G. metallireducens removed 70% of the 0.25 mM Tc(VII) and
produced trace amounts of Tc(V) and the unidentified Tc species (Lloyd and Macaskie,
1996). This study represented the first in which direct enzymatic reduction of Tc(VII) by
microorganisms was documented.
In another study, the sulfate-reducing bacterium, Desulfovibrio desulfuricans,
coupled the oxidation of several electron donors to Tc(VII) reduction (Lloyd et al.,
1999a). Resting cells of D. desulfuricans were suspended in morpholinepropanesulfonic
acid (MOPS) buffer (pH 7.0) under anaerobic conditions and amended with one of the
following electron donors (10 mM): ethanol, glycerol, methanol, formate, pyruvate
lactate succinate, or acetate. Hydrogen was also used an electron donor but sparging the
headspace of the culture vials. Ammonium pertechnetate (NH4TcO4) was added to a
final concentration of 0.25 to 1.00 mM. The results revealed that hydrogen was the best
electron donor for Tc(VII) reduction, with 85% removal of the 0.25 mM Tc after 1 h
incubation. Formate was also an efficient electron donor. The remaining electron donors
used in this study resulted in negligible Tc(VII) reduction. In addition, Lloyd et al.
(1999) also used transmission electron microscopy (TEM) to determine the site of Tc
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precipitation on the cells. The electron micrographs showed an electron-opaque
precipitate located on the periphery of the cells. Energy-dispersive X-ray analysis of the
precipitate determined that it was 99Tc. The researchers concluded that this result/finding
suggests the activity of a periplasmic enzyme (i.e. hydrogenase) in Tc(VII) reduction
(Lloyd et al., 1999a).
De Luca et al. (2001) used resting cells of the SRB Desulfovibrio fructosovorans
to assess the role of NiFe and Fe hydrogenases in Tc(VII) reduction and precipitation.
Since sulfide can chemically reduce Tc(VII), D. fructosovorans cells were grown in the
absence of sulfate. Anaerobic resting cell suspensions (pH 5.5) reduced 92% of the
Tc(VII) to form an insoluble black precipitate when hydrogen was used as the electron
donor (De Luca et al., 2001). In contrast, when nitrogen was used as the electron donor,
only 13% of the Tc(VII) was reduced, confirming the requirement for hydrogen in this
process. Additionally, periplasmic hydrogen uptake activity was inhibited when cells
were incubated with CuCl2 prior to the Tc(VII) reduction experiments, as previously
reported (Fitz and Cypionka, 1991). Furthermore, a mutant strain of D. fructosovorans,
MR400, which carries a deletion of the structural genes of NiFe hydrogenase failed to
perform as well as the wild type (20% vs. 92% reduction). The researchers went a step
further by using purified NiFe hydrogenase and its electron acceptor, cytochrome c3, to
test their involvement in Tc(VII) reduction. All of these reactions were carried out in
MOPS buffer at pH 6.5. A high concentration of the hydrogenase reduced 95% of the
Tc(VII) after 2h of incubation. When both the NiFe hydrogenase and cytochrome c3
were incubated with Tc(VII), reduction occurred in less than 1h (De Luca et al., 2001).
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Marshall et al. (2009) examined the reduction kinetics of both Tc(VII) and U(VI)
by Anaeromyxobacter dehalogenans strain 2CP-C using hydrogen and acetate as electron
donors. Resting cells of A. dehalogenans strain 2CP-C were suspended in piperazineN,N′-bis(ethanesulfonic acid) (PIPES buffer (pH 7.0, 4°C) under anaerobic conditions
and amended with either sodium acetate or hydrogen as the electron donor. Ammonium
pertechnetate was added to a finial concentration of 0.1 mM. Complete reduction of
Tc(VII) by hydrogen amended A. dehalogenans 2CP-C cultures was achieved within 24
h. In contrast, near complete reduction in the acetate amended cultures was not attained
until 144 h. Further analysis of the hydrogen amended cells using TEM revealed densely
clustered TcO2 particles within the periplasm of the cell and along the outer cell
membrane. These data suggests the presence of a hydrogenase mediated pathway for
Tc(VII) reduction by A. dehalogenans 2CP-C; however, the researchers concluded that
mutagenesis studies were needed to confirm this.
Deinococcus radiodurans is another bacterium capable of Tc(VII) reduction.
This unique organism is the most radiation-resistant organism discovered to date, as it
can survive ionizing radiation doses of 15,000 Gy3 (Fredrickson et al., 2000). Anoxic
AQDS, Tc(VII) and U(VI) were added to resting cells of D. radiodurans suspended in
anoxic bicarbonate buffer (pH 7.0). Sodium lactate was used as the electron donor.
Fredrickson et al. (2000) showed that D. radiodurans was able to reduce Tc(VII), as well
as U(VI), in the presence of the humic acid analog anthraquinone-2,6-disulfonate
(AQDS). This is an indirect reaction as Tc(VII) and U(VI) were only reduced after

3

A gray (Gy) is defined as the absorption of one joule of ionizing radiation by one kilogram of matter.
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AQDS was reduced to its dihydroquinone form, AH2DS, by D. radiodurans.
Furthermore, D. radiodurans was unable to directly reduce Tc(VII) or U(VI). Therefore,
the use of D. radiodurans as an organism for Tc(VII) reduction would require a humic
acid to serve as an electron shuttle (Fredrickson et al., 2000).
2.5. Shewanella oneidensis MR-1
Shewanellae are gram-negative, facultative anaerobic bacteria that are widely
distributed in marine and freshwater sediments (Venkateswaran et al., 1999). Their
ability to utilize various electron acceptors, such as oxygen, nitrate, fumarate, sulfur,
Fe(III), Mn(III/IV), Cr(VI), U(VI) and Tc(VII), provides a means of survival in diverse
habitats (Carpentier et al., 2003; Liu et al., 2002; Lloyd and Macaskie, 1996; Myers and
Nealson, 1990; Nealson and Saffarini, 1994). Members of the γ-Proteobacteria,
Shewanellae are approximately 2-3 µm in length and 0.4-0.7 µm in diameter (Hau and
Gralnick, 2007).
Technetium reduction by Shewanella has been studied by a number of researchers
(Gorby et al., 2008; Lloyd and Macaskie, 1996; Marshall et al., 2008; Payne and
DiChristina, 2006; Shi et al., 2007; Wang et al., 2008; Wildung et al., 2000). By
coupling the oxidation of organic carbon or H2 to the reduction of Tc(VII), into an
insoluble oxide (Fredrickson et al., 2004b), these bacteria obtain energy for maintaining
cellular processes and growth (Wildung et al., 2000) while reducing the mobility of Tc in
the environment, as shown in the following equation (see Tbl. 3.3).
Use of organic carbon (lactate) as an electron donor:
CH3CHOHCOO− + 4H2O = 2CO2 + HCO3− +12H+ + 12e−

(2.1)

TcO4−+ 4H+ + 3e− = TcO2 + 2H2O

(2.2)
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Net energy yielding reaction:
4TcO4− + CH3CHOHCOO− + 4H+  4TcO2 + 2CO2 + HCO3− + 4H2O

(2.3)

ΔG°= −84.56 kj/mol
Use of hydrogen (H2) as an electron donor:
H2 = 2H+ + 2e−

(2.4)

TcO2 + 2H2O = TcO4− + 4H+ + 3e−

(2.2)

Net cell reaction:
2TcO4− + 3H2 + 2H+  2TcO2 + 4H2O

(2.5)

ΔG°= −397.82 kj/mol
Several studies of nonsulfidogenic contaminated groundwaters indicate that the
mode of technetium reduction can also occur indirectly by biotransformations involving
iron metabolism. Indirect 99Tc reduction is a result of microbial reduction of iron(III)
oxides followed by reduction of TcO4- by biogenic Fe(II) (Begg et al., 2007; Fredrickson
and Gorby, 1996; Fredrickson et al., 1998; Fredrickson et al., 2004b; Kostka and
Nealson, 1995; Lloyd et al., 2000; Wilkins et al., 2007). Marshall et al. (2009) observed
a similar indirect mechanism of Tc(VII) reduction using A. dehalogenans 2CP-C. This
can be expressed by the equations below:
First, Fe(III) is reduced to Fe(II) by microorganisms using lactate or H2 as an electron
donor,
CH3CHOHCOO− + 4H2O = 2CO2 + HCO3− +12H+ + 12e−

(2.1)

H2 = 2H+ + 2e−

(2.4)

Fe3+ + e− = Fe2+

(2.6)

For lactate, the net energy yielding reaction is:
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CH3CHOHCOO− + 4H2O + 12Fe3+  2CO2 + HCO3− +12H+ + 12Fe2+

(2.7)

ΔG°= −1278.36 kj/mol
For H2, the net energy yielding reaction is:
2Fe3+ + H2  2Fe2+ + 2H+

(2.8)

ΔG°= −228.2 kj/mol
Technetium is then reduced abiotically by Fe(II), and the net reaction is given by:
TcO4− + 3Fe2+ + 4H+  TcO2 + 3Fe3+ + 2H2O

(2.9)

ΔG°= +143.39 kj/mol
The thermodynamic feasibility of reaction (9) is dependent upon pH, the activity and
concentrations Tc(VII)aq and Fe(II)aq, and the nature and activity of the solid phase redox
products (Cantrell et al., 2007; Fredrickson et al., 2004b; Peretyazhko et al., 2008;
Zachara et al., 2007a). Increasing both pH and Fe(II) concentration will accelerate
abiotic Tc(VIII) reduction by Fe(II) (Peretyazhko et al., 2008). Peretyazhko et al. (2008)
showed that oxidation of Tc(IV) by Fe(II) is rapid under anoxic acidic conditions.
Furthermore, Zachara et al. (2007a) found that significant Tc(VII) reduction by aqueous
Fe(II) was rapid at pH 7, almost instantaneous at pH 8, but took over a month at pH 6.
Fredrickson et al. (2004b) bioreduced Fe(III) in sediments with Shewanella, in
order to yield biogenic Fe(II), capable of Tc(VII) reduction. In another study, Lloyd et
al. (2000) found that abiotic reduction of Tc(VII) was more efficient when Fe(III) oxide
(ferrihydrite) was supplied to the cultures than when Fe(III)-citrate was used.
Interestingly, TcO2 was found precipitated on the surface of and within nanocrystalline
magnetite, a product of Fe(III) oxide reduction (Lloyd et al., 2000). In order to determine
which of these mechanisms (direct or indirect reduction) will dominate in a particular
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environment, the aqueous chemistry of the environment as well as the kinetics of Tc(VII)
reduction must be understood (Wildung et al., 2000).
Marshall et al. (2008) found that reduction of technetium by S. oneidensis MR-1
is mediated through the NiFe hydrogenase or outer membrane c-type cytochromes, MtrC
and OmcA. In other studies, deletion of an OMC (CymA) of S. oneidensis MR-1 and S.
putrefaciens MR-1, resulted in a significant decrease (80 to 100%) in the reduction of
Fe(III) and Mn(IV) oxides, fumarate, nitrate, nitrite and dimethyl sulfoxide (Lies et al.,
2005; Myers and Myers, 1997; Schwalb et al., 2003). Electron transfer from the inner
cell membrane of S. oneidensis MR-1 to extracellular Fe(III) is shown in Fig. 2.5.
Electrons are transferred from hydrogenases in the inner membrane through an electron
transport chain consisting of OMCs to Fe(III)-oxides on the periphery of the cells. S.
oneidensis is predicted to contain 42 c-type cytochrome proteins (Meyer et al., 2004),
where, Escherichia coli only has five (Serres and Riley, 2006).

Figure 2.5. Model of electron transfer to extracellular Fe(III) oxides adapted from
Fredtickson and Zachara (2008).
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2.6. Foam Delivery Technology (FDT)
Remedial amendment delivery to the subsurface involves injection or infiltration
of a chemical (e.g. sodium mono-phosphate) or surfactant (e.g. MA-80) (Zhong et al.,
2008). However, ensuring even delivery of the amendment throughout the subsurface is
a challenge. Preferential flow paths observed in the vadose zone limit the distribution of
the remedial amendment, often bypassing low permeability zones in which majority of
contaminants might be located (Zhong et al., 2009a). Additionally, movement through
preferential flow areas is controlled by gravity, while low permeability areas limit
amendments to lateral migration in the vadose zone (Zhong et al., 2009a). Wetting fronts
of water based delivery can potentially mobilize highly soluble contaminants, thereby
enhancing transport to aquifers and groundwater: even before actual interaction with the
amendment.
To overcome the physical and chemical limitations of the vadose zone, as well as
the limitations of traditional remedial technologies, foam delivery technology (FDT) has
been developed. FDT involves the use of surfactant-based foam to deliver reactive
amendments to the deep vadose zone to immobilize contaminants in situ (Fig. 2.6). This
promising technology has the potential to overcome the obstacles of preferential flow
paths by uniformly distributing the remedial amendment throughout the deep vadose
zone without significant changes to water content and addresses transport issues through
the soil matrix due to low permeability zones (Zhong et al., 2009b).
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Figure 2.6. Foam delivery of a remedial amendment to the contaminated subsurface.
Used with permission courtesy of Dawn M. Wellman.
Surfactants have been used directly as remedial amendments (Dwarakanath et al.,
1999; Mulligan et al., 2001) and to produce foams to aid in remedial delivery through
heterogeneous media (Chowdiah et al., 1998; Zhong et al., 2009a; Zhong et al., 2008).
Foam delivery can overcome the aforementioned obstacles by uniformly distributing the
remedial amendment throughout the deep vadose zone without significant changes to
water content (Zhong et al., 2009a). In contrast to water based delivery, foam delivery is
not governed by gravity, but by the pressure gradients in the sediment (Zhong et al.,
2009a; Zhong et al., 2009b). Furthermore, surfactant foams are capable of saturating low
permeability regions in the vadose zone in which many contaminant plumes are found.
Calcium polysulfide (CaS5; CPS) can react with soluble metals and radionuclides
to form less soluble, nontoxic sulfides and hydroxides (Graham et al., 2006). Previous
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studies have shown the capacity of CPS to reduce Cr(VI) and has been investigated for
U(VI) and Tc(VII) reduction (Graham et al., 2006; Szecsody et al., 1998; Zhong et al.,
2008; Zhong et al., 2009b). The overall reaction by which CPS sequesters 99Tc is best
described by the following reaction:
2TcO4− + 3CaS5 + 8H+  2TcO(OH)2° + 15S(s) + 3Ca2+ + 2H2O

(2.10)

When polysulfide is mixed with water, it dissociates to form bisulfide (HS−) and aqueous
hydrogen sulfide (H2S(aq)) as shown in the reactions below and summarized in Table 2.3:
S52− + 8e− + 5H2O  5OH− + 5HS−

(2.11)

HS5− + 8e− + 9H2O  9OH− + 5H2S

(2.12)

These reactions can then be used to describe the major chemical reactions occurring in
solution during 99Tc reduction by CPS:
8TcO4− + 27H+ + 15HS−  8TcO2 + 16H2O + 3S52−

(2.13)

ΔG°= −817.23 kj/mol
8TcO4− + 5H+ + 15H2S  8TcO2 + 16H2O + 3HS5−

(2.14)

ΔG°= −1197.62 kj/mol
The amount of amendment added depends on the concentration of the target
contaminant and how the amendment will react with other contaminants at the site. As
CPS foam moves through the sediments, foam bubbles break and the liquid phase is
sorbed to the sediments as the gas passes through the pore space (Zhong et al., 2009b).
Using column experiments, Zhong et al. (2009b) showed that foam injection can be used
to deliver CPS to the vadose zone and that foam delivery can be a useful strategy for
Cr(VI) immobilization in the vadose zone. Additionally, foam stability decreased with
increasing foam quality. The bubble films of high quality foams were thinner than those
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of lower quality foams and the force of gravity drainage caused the bubbles to rupture.
Decreases in foam stability were also observed when the CPS concentration increased;
however, CPS did not destroy the amphiphilic property of the foam (Zhong et al., 2009b).

Table 2.3. Summary of thermodynamic equations for Tc(VII) reduction
Electron Donor

Equation
4TcO4 + CH3CHOHCOO− + 4H+  4TcO2 +
2CO2 + HCO3− + 4H2O
−

Org C

∆G°(a)

Conditions

−84.56 kj/mol

Anaerobic

H2

2TcO4− + 3H2 + 2H+  2TcO2 + 4H2O

Fe

TcO4− + 3Fe2+ + 4H+  TcO2 + 3Fe3+ + 2H2O

−397.82
kj/mol
+143.39
kj/mol

8TcO4− + 27H+ + 15HS−  8TcO2 + 16H2O +
3S52−

−817.23
kj/mol

Anaerobic/Aerobic

8TcO4− + 5H+ + 15H2S  8TcO2 + 16H2O + 3HS5−

−1197.62
kj/mol

Anaerobic/Aerobic

CPS

Anaerobic
Anaerobic

(a) Free-energy change per mole of acetate consumed as electron donor taken from Icenhower et al., 2008

2.7. Biodegradation of Surfactants
Surfactants, or surface active agents, are amphiphilic chemicals consisting of a
hydrophobic alkyl chain (or tail) and a hydrophilic (polar) head. At low concentrations,
surfactants exist as monomers. When the monomer concentration reaches a critical point,
micelles will form (critical micelle concentration; CMC; Fig. 2.7). Surfactants are
commonly used as detergents, wetting agents (Gong et al., 2000), emulsifiers, foaming
agents, and dispersants. Surfactants alter the surface tension of liquids by concentrating
at air-liquid, oil-liquid, and solid-liquid interfaces (West and Harwell, 1992).
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Figure 2.7. Examples of surfactant monomer and micelle structure.

Surfactants are divided into four classes (anionic, cationic, non-ionic, and
amphoteric), and their degree of toxicity will vary with surfactant class. Anionic
surfactants disrupt the cell membranes of macromolecules such as peptides and enzymes
causing changes to molecular surface charges as well as protein conformation (Cserhati et
al., 2002; Jensen, 1999). Cationic surfactants, on the other hand, will bind to the
cytoplasmic inner membrane of bacteria disrupting membrane integrity leading to
toxicity (Ivanković and Hrenović 2010). Non-ionic surfactants also act to increase the
permeability of membranes and vesicles by binding to proteins and phospholipid
membranes (Ivanković and Hrenović 2010). Amphoteric surfactants have the same
characteristics of both the ionic and anionic surfactants.
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The biodegradation of surfactants depends on several chemical and physical
factors, the most important being the chemical structure of the surfactant and the
physiochemical conditions of the environmental media (Ivanković and Hrenović 2010).
Liwarska-Bizukojc et al. (2008) tested the effects of anionic and nonionic surfactants on
the kinetics of aerobic biodegradation of organic matter in industrial wastewater. Using
activated sludge from a laboratory-scale membrane bioreactor and synthetic wastewater,
repsirometric batch tests were performed with and without the surfactants. The
researchers concluded that the observed decrease in the maximum specific growth rate of
biomass in the presence of the nonionic surfactant nonylphenylhepatoxyethylene glycol
ether was likely due to the chemical structure of the surfactant and the biodegradation
intermediates (Liwarska-Bizukojc et al., 2008). The surfactant structure contains a
benzene ring and seven ethoxylate groups. Long ethoxylate chains have been shown to
decrease the rate of degradation (Krogh et al., 2003; Mezzanotte et al., 2003) and
microorganisms must work harder (i.e. more biochemical reactions) to cleave benzene
rings (Liwarska-Bizukojc et al., 2008). Other studies have been conducted citing the
alkyl chain length of surfactants as the primary cause for decreased biodegradation
(Garcia et al., 1999; Qin et al., 2005).
Zhang et al. (1999) also attributed differences in the degradation rates of two
anionic surfactants to surfactant structure. In this study, a mixed culture isolated from
activated sludge was incubated with sodium dodecyl sulfate (SDS; C12H25OSO3Na) and
sodium dodecylbenzene sulfonate (SDBS; C12H25C6H4SO3Na). Significant removal of
SDS from solution was observed after 24 h of incubation. On the other hand, after three
weeks of incubation there was no decrease of SDBS from solution. The researchers
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suggested this lack of removal of SBDS from solution was due to the benzene ring in its
structure (Zhang et al., 1999).
Aerobic or anaerobic degradation of surfactants is also dependent upon surfactant
structure (Ying 2006). Furthermore, different classes of surfactants have different
degradation behavior. The anionic surfactants alcohol sulfates (AS) and alcohol ether
sulfates (AES) are degradable under both aerobic and anaerobic conditions (Feitkenhauer
and Meyer, 2002; Margesin and Schinner, 1998; Scott and Jones, 2000). The group of
cationic surfactants known as quarternary ammonium compounds (QAC) is
biodegradable under aerobic conditions but tend to persist in anaerobic environments
(Games et al., 1982; Garcia et al., 1999; Garcia et al., 2001; George, 2002; Giolando et
al., 1995). Alkylphenol ethoxylates (APE) are the most commonly used nonionic
surfactants on the market (Ying, 2006). APE are degradable under anaerobic conditions
and partially degradable under anaerobic conditions (Charles et al., 1996; Mann and
Boddy, 2000; Manzano et al., 1999; Potter et al., 1999). The biodegradation products of
APE, nonylphenol (NP) and octylphenol (OP) are stable in the environment and their
bioaccumulation, toxicity to marine and freshwater species, and estrogen-mimicking
effects have been studied extensively (Ahel et al., 1994; Baldwin et al., 1997; Comber et
al., 1993; Ekelund et al., 1990; McLeese et al., 1981; Shurin and Dodson, 1997). In
contrast the nonionic surfactant group, fatty alcohol ethoxylates (AE), is degradable
under both aerobic and anaerobic conditions (Aarkrog et al., 1987; Huber et al., 2000;
Mezzanotte et al., 2002; Reznícková et al., 2002; Salanitro et al., 1995).
Mohan et al. (2006) tested the biodegradability of the surfactants Triton X-100
and Rhamnolipid under aerobic, nitrate reducing, sulfate reducing, and anaerobic
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conditions using a respirometer. In this study, nitrate and sulfate reducing bacteria,
isolated from laboratory scale reactors, a known polycyclic aromatic compound
degrading bacterium Vibriocyclotrophicus sp. nov. were exposed to different
concentrations of the surfactants under each of the aforementioned conditions (Mohan et
al., 2006). Triton X-100 was only partially degradable under aerobic conditions and
nonbiodegradable under the other conditions. On the other hand, Rhamnolipid was
degradable under all of the conditions tested. The researchers noted that other strains and
cultures may produce different results.
Surfactants can act as growth substrates or growth inhibitors to microbial cells
(Stelmack et al., 1999; Yeh and Pavlostathis, 2005). Stelmack et al. (1999) assessed the
effects of surfactants on the adhesion of hydrogen-degrading bacteria to the surfaces of
nonaqueous phase liquids (NAPLs). Their results showed that while the surfactants were
not toxic, they did inhibit growth. In another study, Hirasaki et al. (2005) tested the
effects of an anionic and nonionic surfactant on the reductive dechlorination of
perchloroethene (PCE) by a mixed culture. While some of the bacteria were capable of
dechlorinating PCE to dichloroethene, dechlorination of PCE to ethene by
Dehalococcoides spp. was inhibited. Two proposed mechanisms that may influence
microbial-surfactant interactions include: (i) surfactants interact with peripheral or
membrane bound proteins or (2) surfactants interact directly with the cell membrane and
destroy membrane integrity (Hirasaki, 2005). Additionally, researchers have
hypothesized that the limited interaction between surfactants and gram-negative bacteria
is caused by the outer membrane and peptidoglycan layer in the cell wall structure
(Hirasaki, 2005).
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2.8. Microbial Transformations of Polysulfide (Sn2−)
There are two predicted pathways by which bacteria are capable of S0 respiration.
The first pathway, active in members of the genus Salmonella, involves the reduction of
S2O32− in the cytoplasm to yield HS− and SO32−. Extracellular S0 reacts with diffused
SO32− to form S2O32−. S2O32− reenters the cell and is further re-reduced, thus continuing
the cycle. The second pathway, found in Wollinella succinogenes, involves the stepwise
reduction of water-soluble polysulfides in the periplasm to Sn-12− and HS− (Hinsley and
Berks, 2002; Klimmek et al., 1991). As HS− diffuses from the cell, it reacts with
periplasmic S0 to form more Sn2− species. These species reenter the cell and are rereduced to form an intraspecies sulfur cycle (Burns and DiChristina, 2009; Hinsley and
Berks, 2002).
The gene phsA (producing hydrogen sulfide) is required for HS− production and
S2O32− respiration in Salmonella enterica serovar Thyphimurium (Heinzinger et al.,
1995). A homolog of the phsA gene was found in W. succinogenes (Krafft et al., 1995;
Macy et al., 1986). The psrA gene in W. succinogenes, denoted as polysulfide reduction,
is the first in a three-gene cluster consisting of psrA (polysulfide reductase), psrB (quinol
oxidase) and psrC (a membrane anchor) (Dietrich and Klimmek, 2002). Burns and
DiChristina (2009) found the S. oneidensis MR-1 homolog of phsA. Through the inframe deletion of psrA, the researchers created a psrA deletion mutant that was incapable
of using S0 or S2O32− as terminal electron acceptors (Burns and DiChristina, 2009).
Takahashi et al. (2010) isolated polysulfide-reducing bacteria from sulfate
reducing enrichment cultures. In this study, bacterial isolates were inoculated into
anaerobic mineral medium (headspace vials gassed with N2; pH of 7.5) and amended
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with sodium tetra-sulfide (NaS4). Polysulfide reduction was confirmed using HPLC.
Classification of the isolates using 16S rRNA analysis revealed them to be of the genus
Clostridium.
Previous studies on microbial reduction of polysulfide have all occurred under
anaerobic conditions in medium with near-neutral pH (Klimmek et al., 1991; Schauder
and Müller, 1993; Takahashi et al., 2010). Polysulfide reduction in S. oneidensis MR-1
has not been confirmed, however, given the presence of psrA in the genome, it is possible
that the bacterium can reduce polysulfide. The proposed reactions for polysulfide
reduction by S. oneidensis MR-1 using lactate as an electron acceptor are found in the
following equations:
3S52− + 2CH3CHOHCOO− + 8H2O  15HS− + 4CO2 + 2HCO3− + 9H+

(2.15)

ΔG°= −2265.31 kj/mol
3HS5− + 2CH3CHOHCOO− + 11H2O  3OH− + 15 H2S + 4CO2 + 2HCO3−

(2.16)

ΔG°= −216.24 kj/mol
2.9. Microbial Community Signatures
Microorganisms in the deep subsurface adhere directly to surfaces and are the
initial contact surface between the solid and air/fluid phase of subsurface environments.
Furthermore, microorganisms almost never exist as single species, but as integrated
consortia or communities that process available nutrient resources. Changes in the
environment have the potential to impact the composition of microbial communities as
well as the geochemical environment. As the sole biological component of the
subsurface environment, microbes are the most unpredictable driving force for change.
With any new addition made to the subsurface from natural sources (e.g. seasonal
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rainfall) or direct human intervention (e.g. remediation), there will always be potential to
alter the existing geochemical and microbial balance leading to a reordered and changed
microbial community (Fig. 2.8).

Figure 2.8. Illustration showing an unsaturated subsurface environment before and after
the addition of a treatment targeting metals and radionuclides. In the upper picture
microbial populations are disconnected, slow growing or in a ‘steady-state’. When a
remedial treatment is pumped into the subsurface the response of the native microbial
populations is currently uncharacterized and unpredictable. This could lead to changes in
the microbial community make-up, death, or growth which could result in adverse
remedial outcomes such as new conduction pathways, inaccessible contaminants, or
microbial induced changes to the surrounding geochemistry.

The phenomena of microbes adapting to their environment, and in doing so
creating a microbial signature reflective of their environment, is a new area of study with
emerging implications not only for subsurface remediation, but questions of
environmental health to human disease (NRC, 2007; Philippot et al., 2010). Subsurface
sites with mixed transuric waste, radiological contamination, acid mine drainage, or metal
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contamination have been colonized by numerous microbial populations taking advantage
of irradiative heating, increased moisture in soils, and new carbon and electron
donor/acceptor sources (Francis et al., 2007; Fredrickson et al., 2004a; Haferburg and
Kothe, 2007; Rastogi et al., 2010). Indigenous microbial populations of the vadose zone
have been shown capable of stimulation and in forming biofilms on stainless steel, nickel
alloy and titanium at high humidity and moderate temperatures (Brockman et al., 1992;
Else et al., 2003). It is also well established the addition of contaminants to the
subsurface can permanently alter the geochemistry of the site (Yaron et al., 2008). As
conditions change whether from stimulated bioremediation activities or the introduction
of new contaminants to the environment, microbes will develop community and
functional signatures indicative of this change (and therefore an adaptation to it) (Mouser
et al., 2009; Waldron et al., 2009).
Many studies have observed a shift in community structure with a hallmark
decrease in both diversity and biomass in metal contaminated soils (Dell'Amico et al.,
2008; Kozdroj and van Elsas, 2001; Li et al., 2006). Microbial metabolic diversity along
a Zn gradient was unaltered while the tolerance to exogenous Zn addition increased in
soils within excess of 300 mg/kg zinc suggesting an adaptation rather than a community
shift with exposure (Davis et al., 2004). Further, 79Se (nuclear selenium) altered the
metabolic profile of microbial communities transiently, but did not alter any other
parameter investigated over 168 days (Colinon-Dupuich et al., 2011). Changes in
community structure, often with an initial reduction of diversity, should not overshadow
that many of the remaining microorganisms show clear adaption and, in-turn, a signature.
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Microorganisms are well known to develop tolerance to metal toxicity (Blanck et
al., 2003; Diaz-Ravina et al., 1994; Olson and Thornton, 1982). Microbes have also been
shown to have the ability to genetically respond to the stress brought about by
encountering significant levels of metals (Brown et al., 2006a; Brown et al., 2006b;
Rastogi et al., 2010; Schalk et al., 2011). In selecting metal resistant genes,
microorganisms can thrive in these environments setting the stage for the development of
a new microbial community signature (Dell'Amico et al., 2008; Margesin et al., 2011;
Sobolev and Begonia, 2008). Often historically metal contaminated environments induce
a selection pressure toward microbial communities and processes that have metalresistance (Martinez et al., 2007; Prakash et al., 2010). Once isolated and cultivated (i.e.
bioprospecting) these cultures provide knowledge of native microbial capabilities which
can be leveraged through activities such as stimulation or bioaugmentation to meet
bioremediation goals (e.g. precipitation, reduction).
2.10. Community-level Physiological Profiling (CLPP)
Community-level physiological profiling (CLPP) is described as the
characterization of microbial communities in terms of their structure and function in the
environment (Lehman et al., 1995). CLPP encompasses several community profiling
techniques, including clone library construction (Akob et al., 2007; Brodie et al., 2006),
denaturing gradient gel electrophoresis (DGGE) (Burkhardt et al., 2011; Cummings et al.,
2003), and terminal restriction fragment length polymorphism (TRFLP) (Akob et al.,
2008; Petrie et al., 2003). Currently, CLPP mostly refers to the use of BIOLOGTM
microplates. These 96-well plates contain different carbon sources and the redox
indicator dye, tetrazolium violet. As microbial communities utilize the carbon source,
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NADPH is produced, which reduces the tetrazolium dye to formazan, producing a purple
color. The formation of this color can be measured with a microplate spectrophotometer
(OD590). BIOLOGTM EcoPlates have been used to examine bacterial community
divergence in wetland mesocosms at start-up (Weber and Legge, 2011) and following
acid mine drainage exposure (Weber et al., 2008), to determine the effects of
antimicrobial agents on soil microbial functional diversity (Liu et al., 2009), and to assess
changes in the functional diversity of industrial polluted paddy soils (Chaerun et al.,
2011). Fig. 2.9 shows a typical BIOLOGTM EcoPlate after 24 h of incubation following
inoculation with a sediment sample from the Hanford Site, WA. BIOLOGTM plates
provide for easy and convenient analysis of microbial communities. The major drawback
of this method is that the carbon sources in the plates will only select for a subset of the
active microorganisms capable of metabolizing the substrates at high concentrations
(Preston-Mafham et al., 2002).

Figure 2.9. BIOLOGTM EcoPlate following inoculation with sediment samples from the
Hanford Site, WA.
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EcoPlates have also been used to examine the microbial diversity and community
function at sites contaminated with heavy metals and radionuclides (Müller and
Rasmussen, 2001; Rasmussen and Sørensen, 2001; Stefanowicz et al., 2009; Wang et al.,
2004). Decreases in the functional diversity of the bacterial community are the most
common metric of short-term heavy metal pollution. However other environmental
factors, such as temperature, pH, moisture, and organic matter content can also cause
decrease diversity, thus making it difficult to say that heavy metal pollution is to blame.
Pollution induced community tolerance (PICT) studies have been used to overcome these
obstacles. PICT works on the concept/premise that as the tolerance of the microbial
community increases to the source of pollution, the community is damaged in some way
(Moreno et al., 2011). In other words, as the contaminant concentration increases the
most sensitive organisms are reduced, resulting in a community that is more tolerant but
less diverse (Rutgers et al., 1998).
Stefanowicz et al. (2009) examined the PICT of areas polluted with heavy metals
as a result of metal mining and smelting. The purpose of this study was to determine if
community tolerance increased following long-term metal contamination. Sediment
extracts collected from the most and least polluted areas of three forest and five meadow
transects were exposed to varying concentrations of Zn, Pb, Cu, and Ni. The results
showed an increase in the community tolerance of the meadow soils, while no increase
was observed in the forest soil (Stefanowicz et al., 2009).
In another study, Wang et al. (2004) examined the metabolic and structural
diversity of a microbial community obtained from an organically managed garden
amended with different concentrations of Cd. The researchers used EcoPlates to assess
42

the substrate versatility of the community and 16S rDNA analysis with PCR-DGGE. As
the concentration of Cd increased, the microbial growth rates and the number of EcoPlate
substrates used by the community were decreased. Additionally, the PCR-DGGE results
revealed that approximately 30% of the bacterial community was sensitive to
concentrations of Cd as high as 5µg mL-1 (Wang et al., 2004).
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Chapter 3 Growth Inhibition and Stimulation of Shewanella oneidensis MR-1 by
Surfactants and Calcium Polysulfide4
3.1. Abstract
Foam delivery technology (FDT) uses surfactant based foam to immobilize
subsurface contaminants in situ. Where traditional approaches are impractical, FDT has
the potential to overcome many of the technical challenges facing the remediation of
contaminated deep vadose zone environments. However, little is known about the
effects these reactive chemicals may have on microorganisms inhabiting the
contaminated subsurface. In addition, there are currently no standard assays to assess
microbial responses to subsurface remedial treatments while these agents are under
development. The objective of this study was to develop a rapid laboratory assay to
assess the potential growth inhibition and/or stimulation of microorganisms following
exposure to candidate FDT components. Calcium polysulfide (CPS) and several
surfactants (i.e. sodium laureth sulfate (SLES), sodium dodecyl sulfate (SDS),
cocamidopropyl betaine (CAPB) and NINOL40-CO) have diverse chemistries and are
candidate components of FDT. Shewanella oneidensis MR-1 cultures were exposed to a
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range of concentrations of these chemicals to determine the minimum bactericidal
concentration (MBC) and the growth and viability potential of these components.
Concentrations of SDS higher than 700 µM were toxic to S. oneidensis MR-1 growth
over the course of four days of exposure. The relative acute toxicity order for these
compounds was SDS>>CPS>>NINOL40-CO>SLES≥CAPB. Dose dependent growth
decreases (20 to 100 mM) were observed in the CAPB and SLES treated cultures and
both CPS and NINOL 40-CO were toxic at all concentrations tested (1.45 to 7.25 mM
CPS). Both SLES (20 to100 mM) and SDS at lower concentrations (20 to 500 µM) were
stimulatory to S. oneidensis MR-1 indicating a capacity to be used as a carbon source.
These studies also identified potentially key component characteristics, such as
precipitate formation and oxygen availability, which may prove valuable in assessing the
response of subsurface microorganisms. This benchtop system provides a capability to
assess adverse microbial-remediation responses and contributes to the development of in
situ remedial chemistries before they are deployed in the field.
3.2. Introduction
Heavy metal and radionuclide contamination at U.S. Department of Energy
(DOE) sites, a remnant of past weapons production and disposal practices, is a growing
concern due to the potential for off-site contamination. Several studies have assessed the
extent of the contamination at these sites (Gephart and Lundgren, 1995; Han et al., 2008;
Icenhower et al., 2008; Komlos et al., 2008; Pant et al., 2010; Riley and Zachara, 1992;
Zachara et al., 2007b). A variety of methods have been developed to remediate or
contain these contaminants to prevent their further spread into the environment and
reduce the risk for human and ecological exposure (Park et al., 2002; Szecsody et al.,
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2010; Truex et al., 2010; Truex et al., 2011). Reactive chemicals and elements, such as
sodium polyphosphate, apatite, Fe0, and calcium polysulfide (CPS), have been shown to
reduce the mobility of heavy metals and radionunuclides (e.g. chromium, uranium, and
technetium) in the environment (Arey et al., 1999; Fuller et al., 2003; Fuller et al., 2002;
Gu et al., 2002; Liu and Stansly, 2000; Zhong et al., 2009a). CPS has been used recently
in Cr(VI) reduction studies, and has also been investigated for Tc(VII) and U(VI)
remediation (Graham et al., 2006; Zhong et al., 2009a). However, water-based
application of CPS is not suitable for delivery to deep vadose zone environments, as it
could potentially lead to further mobilization of the contaminants through preferential
flow paths within the sediment, and lead to accelerated transport to groundwater (Dresel
et al., 2011).
Dresel et al. (2011) defined the deep vadose zone as the “… sediments or rock
below the zone of practicable excavation and removal but above the water table.” The
chemical and physical processes controlling contaminant fate and transport in the vadose
zone limit the options for application of many remedial technologies (Dresel et al., 2011).
The deep vadose zone is characterized by zones of low permeability that contain
preferential flow paths through which fluid will migrate until it reaches the water table.
Movement through course grained preferential flow areas is predominantly controlled by
gravity, whereas horizontal anisotropy dominates transport in low permeability regions
(Zhong et al., 2009a). Hydraulic constraints also affect the location and migration of
contaminants in the deep vadose zone; therefore, the presence of contaminants in the
vadose zone may act as a source for future contamination of groundwater and
surrounding surface waters.
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Foam delivery technology (FDT) is being developed as a potential solution to
overcome the physical and chemical limitations of remediating subsurface and deep
vadose zone environments using reactive amendments. FDT involves the use of
surfactant-based foams to deliver reactive amendments, such as CPS, to the deep vadose
zone to immobilize contaminants in situ. Although there are many advantages to
utilizing FDT for treatment in the deep vadose zone, little information is available on
how the addition of surfactants and remedial amendments affects the indigenous
microbial communities in the deep vadose zone and what impact biological
transformations of surfactant-based foams will have on remediation efforts. Native
microbial communities could be stimulated or inhibited, which may cause a community
shift that alters the biomass and biogeochemistry within the zone of remediation.
Proposed surfactants and reductive amendments could stimulate a native microbial
population capable of enhancing the reducing environment and aiding in the
immobilization of contaminants, such as U(VI), Cr(VI), or Tc(VII). Alternatively, the
amendments could stimulate a community that counteracts the reaction(s) facilitated by
the amendment, which may increase mobilization of the contaminant in the deep vadose
zone.
Before surfactants and reactive amendments (or any in situ treatments) are added
to subsurface remedial zones their potential microbial toxicity or stimulation potential
should be evaluated to preemptively circumnavigate adverse remedial outcomes.
Surfactants are divided into four classes (anionic, cationic, non-ionic, and amphoteric),
and their degree of toxicity will vary with surfactant class. All surfactants act by
disrupting the phospholipid bi-layer of the microbial cell membrane; however, there are
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cases when surfactants are used as growth substrates (Boopathy, 2002; Volkering et al.,
1997). The mode of CPS toxicity is unknown, but it is a strong oxidizing agent in a high
pH (11.5 to 11.8) solution which has been used as a pesticide in agricultural crops (Beers
et al., 2009; Holb and Schnabel, 2008; Zane Horowitz et al., 1997). In the context of
remedial efforts, CPS will react with soluble metals and radionuclides to form less
soluble, nontoxic sulfides and hydroxides (Graham et al., 2006).
In the present study, a rapid bench scale assay was used to assess toxicity and
growth stimulation of potential FDT component chemicals on Shewanella oneidensis
MR-1. In these studies the growth and viability of S. oneidensis MR-1 was assessed
following exposure to varying concentrations of the surfactants sodium laureth sulfate
(SLES), sodium dodecyl sulfate (SDS), cocamidopropyl betaine (CAPB) and NINOL 40CO, and the remedial amendment CPS. S. oneidensis MR-1 was chosen as a surrogate
organism because of its ability to utilize various electron acceptors, such as oxygen,
nitrate, fumarate, and sulfur, thus providing a means of survival in diverse habitats
(Carpentier et al., 2003; Liu et al., 2002; Lloyd and Macaskie, 1996; Myers and Nealson,
1990; Nealson and Saffarini, 1994). Furthermore, it is a commonly used microbial
species in the laboratory to understand the molecular mechanisms by which
microorganisms in the subsurface reduce metal and radionuclide contaminants (i.e.
uranium, technetium, chromium, and plutonium) (Bencheikh-Latmani and Leckie, 2003;
Icopini et al., 2009; Liu et al., 2002; Marshall et al., 2008). While S. oneidensis MR-1
would not be expected in subsurface environments its ease of culture, well characterized
physiology, microbe-metal interactions and genomics make it an ideal bench-top tier one
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platform to rapidly assess the potential for microbial driven (adverse) outcomes from
FDT or any other new or existing remediation effort.
3.3. Materials and Methods
3.3.1. Bacteria and Growth Conditions
S. oneidensis MR-1 is a gram-negative, facultative anaerobic bacterium that is
widely distributed in marine and freshwater sediments (Venkateswaran et al., 1999).
Furthermore it is capable of respiring several inorganic compounds, metals and
radionuclides. S. oneidensis MR-1 was obtained from Pacific Northwest National
Laboratory, Richland, WA and grown aerobically in Luria Broth (LB, pH 7.4; Becton
Dickinson Co., Franklin Lakes, NY) or M1 minimal medium (pH 7.2) at 23°C. The
minimal medium consisted of 30 mM (9100 mg L−1) piperazine-N,N’ –
bis(ethanesulfonic acid) (PIPES; CAS 76836-02-7) buffer, 7.5 mM (300 mg L−1) sodium
hydroxide (CAS 1310-73-2), 28 mM (1500 mg L−1) ammonium chloride (CAS 1212502-9), 1.34 mM (100 mg L−1) potassium chloride (CAS 7447-40-7), 4.35 mM (522 mg
L−1) monobasic sodium phosphate (CAS 7558-80-7), 30 mM (1750 mg L−1) sodium
chloride (CAS 7647-14-5), 0.05 mM (9.56 mg L−1) Fe(III)- NTA (CAS 139-13-9), and
0.001 mM (0.19 mg L−1) sodium selenate (CAS 13410-01-0). Wolfe’s vitamins and
minerals solutions were provided as previously described by Kieft et al. (1999). Amino
acids (L-glutamic acid, L-arginine, and D,L-serine) were supplemented at final
concentrations of 2.0 mg L−1.
3.3.2. Surfactants and Reactive Amendment
All surfactant solutions were obtained from Stepan Co. (Northfield, IL). SLES, in
the form of STEOL CS-330, is a biodegradable, anionic surfactant solution (28% w/w)
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with a critical micelle concentration (CMC) of 4.19 mM (1759.8 mg L−1) (Zhong et al.
2009). SDS is also an anionic surfactant with a CMC of 8.08 mM (2360 mg L−1)
(Rosen, 1978). CAPB, comprised from coconut oil and 3-dimethylaminopropylamine, is
an amphoteric surfactant solution (30% w/w) commonly used in cosmetics and other
personal care products. NINOL 40-CO is a proprietary surfactant solution containing
cocamide diethanolamide (DEA; CAS 68603-42-9), glycerin (CAS 56-81-5) and
diethanolamine (CAS 111-42-2). The detergent properties of this solution come from the
surfactant cocamide DEA (>85% w/w). NINOL 40-CO serves as a foam booster and
viscosity enhancer for liquid detergents.

Calcium polysulfide (CPS; CaS5; 29% w/w;

VGS Co., Bloomington, MN) is a reducing agent with known fungicidal properties (Zane
Horowitz et al., 1997). For simplicity, the chemical solutions are heretofore referred to
by their chemical constituents and all concentrations reported were based on the amounts
of chemical found in these stock solutions donated by the supplier.
3.3.3. Minimum Bactericidal Concentration (MBC) Determination
The minimum bactericidal concentration (MBC), defined as the minimum
concentration that will kill bacterial cells, was determined for CPS, SLES, CAPB, SDS
and NINOL 40-CO on S. oneidensis MR-1. Additionally, these data were used to aid in
the selection of concentration ranges for the time-course study. S. oneidensis MR-1 was
grown aerobically in LB at room temperature for 18 h. Cells (OD600 = 0.130; late log
phase) were inoculated into tubes (in triplicate) containing M1 media amended with
varying concentrations of one of the surfactants or CPS. Controls consisted of
inoculated tubes without the addition of any test chemical. The tubes were incubated for
24 h at 30°C on an Innova Platform Shaker (New Brunswick Scientific, Enfield, CT) at
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54 r.p.m. Following incubation, 100 µL of each culture were plated, in triplicate, onto
LB agar and incubated for 24 h at 30°C. The MBC was determined as the lowest
concentration that completely inhibited the growth of S. oneidensis MR-1 on LB agar
plates.
3.3.4. Time-course Assessment
These experiments were divided into two groups: stimulated and un-stimulated.
The stimulated experiments (addition of 20 mM or 2241 mg L−1 lactate to medium) were
designed to address toxicity of the surfactants and reductant to a robust and active culture
of S. oneidensis MR-1. The un-stimulated experiments (no lactate was added) were used
to determine if the bacterium could utilize the chemicals as carbon and energy sources.
Stimulated and un-stimulated S. oneidensis MR-1 cultures receiving no surfactants or
CPS served as controls. S. oneidensis MR-1 was grown under aerobic conditions in LB
medium at room temperature (23°C). After 18 h incubation, 0.5 mL (OD600 = 0.130; late
log phase) of culture was removed and immediately inoculated into 125 mL Erlenmeyer
shake flasks containing 50 mL of M1 medium, in triplicate. Next, the cultures were
amended with one of the surfactants or CPS. The flasks were placed on an Innova
Platform Shaker (100 r.p.m.) and incubated at 23°C for 96 h. Growth of cultures
amended with SDS, SLES and CAPB was measured using a spectrophotometer. Optical
density readings were then converted into CFU/mL using a standard curve equation
(y=1E+23x12.485; r2= 0.9095) derived from plotting the CFU/mL vs. the OD600 readings of
triplicate S. oneidensis MR-1 cultures. The growth of cultures amended with NINOL 40CO and CPS were measured (in triplicate) using plate counts because the increased
viscosity (NINOL 40-CO) and precipitation (CPS) in the medium inhibited
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spectrophotometric readings. The CFU mL−1 data was normalized to the initial cell
concentration (C/C°) for easy comparison of surfactant and CPS toxicity under stimulated
and un-stimulated conditions. Growth rates were determined by using the first order
equation for exponential growth,

,

(3.1)

where µ is the specific growth rate, Xa is the concentration of active biomass, and t is
time. The concentration ranges for SLES were 20, 50 and 100 mM (8.4, 21 and 42 mg
L−1, respectively). CAPB was used at concentrations of 20, 50 and 100 mM (6850,
17126 and 34252 mg L−1, respectively). The concentrations used for SDS were 20, 50,
100, 250 and 500 µM (5.76, 14.4, 28.8, 72.1 and 144.2 mg L−1, respectively). The
NINOL 40-CO concentrations were prepared at 0.0125, 0.125 and 0.625% (v/v) or 0.37,
3.7 and 18.5 mM (106, 1060 and 5310 mg L−1, respectively) in the final media. CPS was
used at concentrations of 1.45, 2.9 and 7.25 mM (290, 580 and 1450 mg L−1,
respectively). Chemical structures of all of the surfactants are shown in Fig. 3.1.

Figure 3.1. Chemical structures of the surfactants: (A) CAPB, (B) SLES, (C) SDS and
(D) lauramide DEA, the major component of cocamide DEA.
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3.3.5. Scanning Electron Microscopy – Energy Dispersive Spectrometry and Dissolved
Oxygen Measurement
When CPS was added to M1 medium a grayish-white precipitate was formed.
Photomicrographs of this precipitate were obtained by means of a JEOL 5900 SEM
equipped with a Robinson 6.0 backscatter detector. The beam conditions were 20 KeV
acceleration and a 1 nA beam current. The samples were mounted on an aluminum stub
using double-sided tape and were palladium-coated under a vacuum. The palladium coat
provides a conductive path for the electrons and helps secure the particles. Images were
acquired using GATAN DM software version 3.2, 1996. An Oxford ISIS 300 series
energy dispersive spectrometer (EDS) was used to determine chemical composition.
EDS spectra were stored electronically using Oxford ISIS 300 version 3.2 software. An
EDS spectrum represents the chemical composition of a particle found within a sample.
While not all particles are counted for the same live-/dead-time period, a typical EDS
spectrum is counted for 100 seconds with 30% dead-time. Initial and final (time 0 and 96
h, respectively) dissolved oxygen concentrations of the 250 µM SDS treated cultures
were measured using the CHEMets Dissolved Oxygen Test Kit (CHEMetrics, Inc.,
Calverton, VA) according to the manufacturer’s protocol.
3.3.6. Data Analysis
A one-way analysis of variance test (ANOVA) was applied the growth curves for
each treatment. A paired t-test was performed on the growth rates. Statistical analyses
were performed using GraphPad Prism (GraphPad Software, La Jolla, CA).
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3.4. Results
3.4.1. MBC Tests
To examine the antibacterial activity of the various surfactants and CPS, MBC
assays were performed on S. oneidensis MR-1. These experiments were used to
determine the acute lethality range for each of the surfactants and CPS following a 24 hr
exposure and to establish appropriate concentrations for the time-course toxicity
experiments. The experimentally determined MBCs for each surfactant and CPS are
found in Table 3.1. SDS was the most acutely toxic compound tested whereas the MBC
for CAPB could not be determined. The relative acute toxicity order for these
compounds was SDS>>CPS>>NINOL40-CO>SLES≥CAPB.
Table 3.1. Minimum Bactericidal Concentrations (MBC) of surfactants and amendment
Surfactants and Amendment
CAPB
SLES
NINOL 40-CO
SDS
CPS

MBC (mM)
non-toxic up to 200
190 – 200
3.7 – 37
0.7 – 0.75
11 – 16

3.4.2. Time-course Toxicity
3.4.2.1. CAPB
The growth rates of the stimulated cultures decreased with increasing
concentrations of CAPB in the growth medium (20 to 100 mM; Fig. 3.2A). Both the 20
(p < 0.05) and 50 mM treated cultures had higher growth rates that the control.
Furthermore, all tested concentrations of CAPB repressed the overall biomass (i.e. a
decrease in cell number) of the stimulated S. oneidensis MR-1 cultures (Fig. 3.3A). A
decrease in cell number relative to the control was observed in the stimulated 100 mM
treatment during the first 8 h of the experiment. After 24 h of incubation, all stimulated
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treatments had roughly similar cell numbers, but as both the 20 and 50 mM treatments
progressed, the cell number in the 100 mM treatment remained steady over the next 48 h.
All of the un-stimulated CAPB treated cultures had significantly lower (p < 0.05)
growth rates than the control (Fig. 3.2B). An initial increase in cell number was observed
in the un-stimulated 20 and 50 mM CAPB tests during the first 8 h, but as the length of
exposure increased the overall cell number decreased (Fig. 3.4A). No net growth was
observed in the 100 mM treated cultures and cell numbers decreased below detection
during the first 8 h of the experiment (Fig. 3.4A). After 24 h, the cell number increased
slightly above the initial value and gradually decreased over the remainder of the
experiment.
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Figure 3.2. Growth rates (µ; h−1) of stimulated (A) and un-stimulated (B) S. oneidensis
MR-1 cultures exposed to surfactants and CPS. Error bars indicate one standard
deviation (n=3 unless otherwise noted by an “a”). *, significant differences compared to
control (paired t-test, p < 0.05).
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3.4.2.2. SLES
Both the stimulated 20 and 50 mM SLES cultures had growth rates that were
significantly lower (p < 0.05) than the control rate (Fig.3.2A). A growth rate was not
obtained for the 100 mM treatments because the cell numbers fell below detection limits
within the first 8 h and remained so throughout the experiment. All of the stimulated
SLES treatments followed the same general growth trend with an initial decrease in cell
number, followed by a gradual increase over the course of the experiment (Fig. 3.3B).
The cell number decreased with increasing SLES concentration. A growth delay was
also observed in all of the cultures and the delay increased with increasing concentrations
of SLES. Toward the end of the experiment, the cell numbers in all of the treatments
began to increase.
Growth rates for the un-stimulated SLES treated cultures were much lower (p <
0.05) than the control (Fig. 3.2B). A growth rate was not obtained for the 100 mM
treatments because the cell numbers fell below detection limits within the first 8 h and
remained so throughout the experiment. A growth delay was observed during the first 8
h of the experiment and there is a dose dependent decrease in cell number (Fig. 3.4B).
Between 24 and 48 h time points, the cell number of the 20 mM treatment dropped below
that of the 50 mM treatment before it surpassed the control by four orders of magnitude
(Fig. 3.4B). After 24 h, the cell number in the un-stimulated 100 mM treatments
continued to decrease steadily throughout the remainder of the experiment.
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Figure 3.3. Stimulated time-course toxicity curves for S. oneidensis MR-1 growth: (A)
CAPB, (B) SLES, (C) NINOL 40-CO, (D) SDS and (E) CPS. Error bars indicate one
standard deviation (n=3). *, significant difference compared to the control of the 250 µM
SDS treatment at 48 h (ANOVA, p < 0.05).

3.4.2.3. NINOL 40-CO
All of the growth rates of the stimulated NINOL 40-CO treatments were
significantly (p < 0.05) lower than the control growth rates (Fig. 3.2A). The toxicity of
NINOL 40-CO was also evident in the growth studies as all concentrations used were
inhibitory to S. oneidensis MR-1 growth (Fig. 3.3C). As the concentration of the
surfactant increased, the cell number slightly increased. A delay in growth was observed
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during the first 8 h in the 0.37 and 3.7 mM treatments but the cell numbers slightly
increased over the next 12 h before reaching a stationary phase.
The growth rates of the un-stimulated NINOL 40-CO cultures increased with
increasing concentration (Fig. 3.2B). Additionally all of the growth rates were
significantly lower than the control growth rates (p < 0.05). An initial growth delay was
observed in the un-stimulated 0.37 mM treatments during the first 8 h followed by an
increase in cell number (Fig. 3.4.C). After 24 h incubation, the cell number steadily
decreased for the remainder of the experiment. The cell number in the 3.7 mM
treatments increased during the first 8 h, after which, the cultures went into stationary
phase for the next 36 h. S. oneidensis MR-1 cell numbers in the un-stimulated 18.5 mM
treatment decreased to below detection during the first 8 h, then gradually increased for
the next 48 h and surpassed the cell numbers in the 0.37 and 3.7 mM treatments.
3.4.2.4. SDS
All of the SDS concentrations used in the stimulated tests were found to be
stimulatory to S. oneidensis MR-1 growth. The growth rates of all stimulated SDS
treatments were significantly higher than the control growth rate (Fig. 3.2 A). As the
concentration of SDS increased in the stimulated cultures, the cell number also increased
(Fig. 3.3D). The cell numbers of the 250 and 500 µM and cultures were higher than the
control cell number at all time points. During the first 8h, the stimulated treatments
surpassed the cell number of the control by several orders of magnitude and the cell
number continued to increase at a higher rate than the control (Fig. 3.3D).
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Figure 3.4. Un-stimulated time-course toxicity curves for S. oneidensis MR-1 growth: (A)
CAPB, (B) SLES, (C) NINOL 40-CO, (D) SDS and (E) CPS. Error bars indicate one
standard deviation (n=3). *, significant difference compared to the control of the 500 µM
SDS treatment at 24 h (ANOVA, p < 0.05).

With the exception of the 250 µM treatment, the growth rates of the other unstimulated SDS treated cultures were lower than the control growth rate (Fig. 3.2B). All
of the un-stimulated treatments had higher cell numbers when compared to the control.
After 8 h of incubation, the 250 µM had the highest cell density, but by 24 h the cell
density of the 500 µM treatment was slightly higher (Fig. 3.4D). Furthermore, the 250
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µM and the 500 µM treated cultures did not reach stationary phase until 24 h into the
experiment while growth in the other treatments slowed down after 8 h.
Due to the increased growth rates and cell number observed in the SDS treated
cultures, the dissolved oxygen (DO) concentration was measured in the 250 µM
treatments using the CHEMets Dissolved Oxygen Test Kit. The 250 µM treatment was
selected because it had the one of the highest cell densities and growth rates. The initial
DO concentration for the stimulated and un-stimulated controls and SDS treated cultures
was ~4 mg L−1. Under stimulated conditions the DO of both the control and the SDS
treated culture decreased to <1 mg L−1 after 96 h incubation. Oxygen levels in the unstimulated control and SDS treated culture increased to ~8 mg L−1 and 5 mg L−1,
respectively.
3.4.2.5. CPS
As the concentration of CPS increased in the stimulated tests, the growth rates
decreased (Fig. 3.2A). Furthermore, the growth rates were significantly lower than the
control growth rate (p < 0.05). The cell numbers in all three treatments oscillated over
the course of the experiments (Fig. 3.3E). After 16 h of incubation, the cell numbers in
all three treatments began to level off as the control continued to increase. A growth
delay was observed in the stimulated 7.25 mM cultures during the first 8 h followed by a
slight increase in cell number throughout the remainder of the experiment.
Growth was also inhibited in un-stimulated S. oneidensis MR-1 cultures following
CPS exposure. The growth rates of all of the un-stimulated CPS treatments were
significantly (p < 0.05) lower than the control growth rates (Fig. 3.2B). A delay in
growth was observed during the first 8 h in the 2.9 and 7.25 mM treatments (Fig. 3.4E).
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The cell number in the 2.9 mM treatments increased slightly over the course of the
experiment and was surpassed by the cell number of the 7.25 mM treatments.
The grayish-white precipitate that formed when CPS was added to M1 medium
was analyzed with SEM-EDS. Further analysis of the spectra revealed the precipitate to
be a sulfate mineral with morphology similar to that of gypsum(CaSO4∙2H2O; Fig. 3.5).

Figure 3.5. SEM photomicrograph of grayish-white precipitate formed when CPS is
mixed with M1 medium.

3.5. Discussion
The objectives of this study were to determine the ability of S. oneidensis MR-1
to utilize potential components of FDT as growth substrates and assess the toxicity of the
surfactants and CPS to S. oneidensis MR-1. We evaluated one amphoteric, one nonionic, and two anionic surfactants to determine their effects on bacterial cell growth and
viability. The growth rates were estimated from the growth curves of the amended
cultures using the first order equation for exponential growth. Since only one time point
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was taken during exponential growth, we acknowledge that more data points during log
phase would yield more reliable measurements of the growth rates. One interesting
observation in this study was that the growth rate of the stimulated control is slower than
that of the un-stimulated control; however the biomass of the stimulated controls was
higher than the un-stimulated control tests. The presence of lactate seems to induce a
delay in the growth rate of the stimulated controls, but it is important to note that there
was an increase in the overall cell concentration. The toxicity order for these compounds
was SDS>>CPS>>NINOL40-CO>SLES≥CAPB. Dose dependent growth decreases
were observed in the CAPB and SLES treated cultures and both CPS and NINOL 40-CO
were toxic at all concentrations tested. Concentrations of SDS and in some cases, SLES,
were stimulatory to S. oneidensis MR-1 growth indicating a capacity to be used as a
carbon source. These studies also identified potentially key component characteristics,
such as precipitate formation and oxygen availability, which may prove valuable in
assessing the response of subsurface microbial organisms.
The length of the hydrocarbon alkyl chain, comprising the bulk of the surfactant
chemical structure, is believed to play a role in surfactant toxicity. Birnie et al. (2000)
examined the antimicrobial activity of a series of amine oxides and betaines, in
Escherichia coli and Staphylococcus aureus, based on their different alkyl chain lengths.
Antimicrobial activity increased with increasing chain length for each group. Surfactants
with longer surfactant chains have a greater propensity to form micelles and the
researchers concluded that micelle formation decreases the interaction of the surfactant
with the active sites on the cellular membrane (Birnie et al., 2000). However, chain
length does not explain the differences in toxicity observed when SDS and SLES were
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compared in this study. SDS was more toxic to S. oneidensis MR-1 than SLES, as was
evident in the bactericidal concentrations (700 to 750 µM for SDS and 190 to 200 mM
for SLES); however, both of these surfactants have C12 alkyl chains. One explanation is
that since the SLES concentrations used in this study were above the CMC, micelle
formation in these cultures may have decreased SLES bioavailability to S. oneidensis
MR-1 by limiting the interaction of the surfactant with the cell membrane. Therefore, the
CMC may be an important chemical property to consider when developing remedial
agents for release into microbial environments as the formation of more micelles could
limit the potential use of the surfactants as carbon sources for native microorganisms.
Gregorova et al. (1996) reported that high concentrations of dialkyl
sulfosuccinate surfactants were toxic to microorganisms but at low concentrations these
surfactants stimulated respiration. This same trend was displayed in the SDS treated
cultures in our study. That is, high concentrations of SDS were bactericidal to S.
oneidensis MR-1 while low concentrations of SDS stimulated growth indicating the
potential use of SDS as a carbon source. Initially only three concentrations (20, 50 and
100 µM) were chosen for testing; however after we observed the stimulatory effects of
SDS, higher concentrations were added. While several studies have shown the toxicity of
SDS to bacteria (Hrenović and Ivanković 2007; Lima et al., 2011; Mariani et al., 2006;
Sirisattha et al., 2004), we found little information on the stimulatory effects of this
surfactant. The toxicity of surfactants is often linked to the DO concentration: as DO
concentrations increase, the surfactant toxicity to microbes decreases (Gerardi, 2006).
Krueger et al. (1998) investigated the biodegradation of linear alkylbenzensulfonate
(LAS) at a range of dissolved oxygen concentrations (0.5 to 8 mg L−1) and their study
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revealed that LAS biodegradation increased with increasing DO concentration.
Additionally, decreasing DO increased the toxicity of LAS to bluegills (Hokanson and
Smith Jr, 1971). To evaluate whether this underlies our results, we colorimetrically
measured the DO in the 250 µM SDS treated cultures. The final concentration of DO in
the stimulated control and SDS treated cultures was <1 mg L−1, indicating depleted
oxygen levels in the medium likely caused by the activity of S. oneidensis MR-1. In
contrast, final DO of the un-stimulated control and SDS treated cultures increased from
an initial 4 mg L−1 to 8 and 5 mg L−1, respectively, over the course of the experiment.
That the DO concentration of the un-stimulated control was higher than the SDS treated
culture indicates increased microbial activity occurring in the SDS culture and suggests
that SDS may have been used a growth substrate. Therefore, the amount of DO available
to S. oneidensis MR-1 may allow the microorganisms to overcome the toxicity of the
surfactants, and suggests that oxygen availability is a critical consideration in the toxicity
of surfactants.
The growth delay observed during the first 8 h of the stimulated tests indicates
that SLES is initially toxic to S. oneidensis MR-1; however, the cell number increased
steadily over the remainder of the experiment. It appears that once S. oneidensis MR-1
acclimated to SLES exposure the bacterium was able to flourish. Similarly, the unstimulated tests also exhibited a lag in growth during the first 8 h of the experiment. The
un-stimulated 50 and 100 mM treated cultures recovered after 24 and 48 h, respectively.
Presumably, if the length of these experiments were extended, the cell density in these
cultures would have continued their increase until the substrate was exhausted, indicating
that SLES could be used as a growth substrate. Interestingly, a recent study on the
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biodegradation of SLES revealed that a microbial consortium was more likely to
completely degrade this surfactant than a single organism (Khleifat, 2006). After testing
SLES biodegradability by three bacterial species individually and in various
combinations, the results revealed that bacterial co-cultures degraded SLES more
efficiently than the individual bacteria (Khleifat, 2006). Bacterial consortia have been
shown to be more effective at complete degradation of surfactants than single organisms
(Aloui et al., 2009; Hršak and Begonja, 1998; Ivanković and Hrenović 2010).
Therefore, the diverse microbial consortia present in the environment may be capable of
complete SLES degradation (Balkwill et al., 1997; Chandler et al., 1998; Fredrickson et
al., 2004a). Clearly these laboratory studies would require further study using more
realistic scenarios and with native microbial communities to completely understand the
observations presented here.
Little research has been done on the effects of CAPB on microbial cells; however,
several studies have examined the toxicity of CAPB to aquatic organisms (Sun et al.,
2004; Vonlanthen et al., 2011). In the present study, the stimulated 20 and 50 mM
treatments had higher growth rates than the control suggesting that CAPB was
stimulatory to S. oneidensis MR-1 growth. However a lag in growth was observed in
these treatments after 20 h, suggesting that CAPB or its biotransformation created
metabolites that were possibly toxic to cell growth. This is in agreement with
Vonlanthen et al. (2011) who surmised that CAPB and its metabolites were intrinsically
toxic to the macroalga Ulva lactuca after observing cell membrane damage in the
organism following 48 h of exposure to the surfactant. We did observe some growth in
the un-stimulated treatments, but as the length of exposure to CAPB increased, the
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overall cell number decreased. Furthermore the drastic drop in cell number observed in
the un-stimulated 100 mM treatment indicated that CAPB cannot be used as a growth
substrate by S. oneidensis MR-1. Together these data suggest that high concentrations of
CAPB are toxic to S. oneidensis MR-1 and that the toxicity of CAPB and its degradation
products should be studied in greater detail.
Given that the growth rate and cell density of the un-stimulated CPS treated
cultures did not exceed that of the controls, CPS cannot be used by S. oneidensis MR-1 as
a growth substrate. Furthermore, since growth was inhibited in the stimulated CPS
amended cultures, CPS is also inhibitory to growth. During the first 8 h, the 1.45 and 2.9
mM stimulated treatments had higher growth rates and biomass than the control. Still, by
24 h, the control surpassed these treatments in both growth rate and biomass suggesting
possible toxicity from microbial degradation by-products of CPS. Moreover, as CPS was
added to the cultures, a grayish-white precipitate formed immediately which prohibited
the use of the spectrophotometer for OD600 measurements. This precipitate was not
present when CPS was mixed with deionized water. CPS has been shown to produce
brown, black and yellow precipitates when combined with simulated wastewater
contaminated with heavy metals (Yahikozawa et al., 1978). Both the simulated
wastewater in the Yahikozawa et al. (1978) study and the minimal medium used in these
experiments contained essential metals, such as zinc and copper, which are necessary for
S. oneidensis MR-1 growth (Kieft et al., 1999). We predicted that CPS possibly
precipitated these minerals and limited their bioavailability to S. oneidensis MR-1,
resulting in less biomass and a slower growth rate. To test this, we examined the
precipitates from both the stimulated and un-stimulated experiments using SEM-EDS.
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The results from the SEM-EDS analysis indicated the precipitate consisted mostly of
gypsum (CaSO4∙2H2O). Therefore we concluded that CPS was not likely limiting trace
metals as the cause for growth inhibition; however Ca availability or other unmeasured
changes to the culture may have led to this observation.
Few studies are available on the antimicrobial effects of NINOL 40-CO or its
major component, cocamide DEA. In the current study, NINOL 40-CO was toxic to the
growth of S. oneidensis MR-1 at all concentrations used and thus is not a suitable growth
substrate. While a direct connection between these results in a laboratory surrogate
species to native subsurface microbes is difficult to make, given the clear toxicity of
NINOL 40-CO its addition to the subsurface should include a more robust assessment of
the potential impact to native subsurface microorganisms.
3.6. Conclusions
The surfactants and reactive amendment used in this study were tested
individually on the growth of S. oneidensis MR-1 and were determined to have varying
degrees of toxicity. While Shewanellae are not commonly found in the subsurface, their
diverse metabolism makes them ideal representatives of the different microorganisms that
inhabit environments with varying redox conditions. One important issue that must be
considered before these chemicals can be used in the field is the potential adsorption of
the surfactants and CPS to sediment particles in the subsurface, which could alter the
toxicity of these chemicals to subsurface microorganisms. Microorganisms are
ubiquitous and always adapting to their environment. These adaptations could be a help
or a hindrance to deep vadose zone and other remediation efforts. To our knowledge, this
is the first report that assesses microbial responses to subsurface remedial treatments
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while these agents are under development. Monitoring the microbial activity of
remediation sites will prove useful in determining short and long term efficacy,
compliance, and an early warning indicator of unintended changes to the subsurface.
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Chapter 4 Community-level Physiological Profiling to Monitor Shifts in Deep
Vadose Zone Microbial Communities5
4.1. Abstract
The data presented in this chapter serves as the characterization phase of a study
to develop a rapid method for assessment of microbial communities in contaminated
subsurface environments. The total microbial communities of contaminated subsurface
sediments from the BC Cribs and Trenches (BCCT) area of the Hanford Site, WA, were
characterized for phylogenetic and metabolic diversity. The BCCT were used as a
dumping site for wastes from plutonium extraction and uranium recovery processes.
Total DNA was extracted and amplified from sediment obtained from two boreholes
(C7536 and C7538) at five depth intervals. Primers targeting the 16S rRNA genes were
used to provide a general census of bacteria present in the boreholes. Bacterial primers
targeting common functional genes were used to provide a census of sulfate-reducing
bacteria, ammonia-oxidizing bacteria, ammonia-oxidizing archaea, and denitrifying
bacteria. A total of 222 unique clones were obtained from well C7538, while only 17
were found in well C7536. Detected phylotypes include Alpha-, Beta-, Delta-, and
Gammaproteobacteria, and Actinobacteria. Metabolic diversity of the communities was

5
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evaluated using the BIOLOGTM EcoPlate and the substrate utilization patterns were
analyzed using principal component analysis (PCA). PCA revealed similar substrate
utilization patterns in the boreholes with depth and substrate group. We also assessed
how pH, moisture content, and contaminant profiles of Tc(VII) and nitrate influenced
microbial diversity in the subsurface at Hanford Site. To our knowledge, this is the first
characterization study of the microbial communities in the BCCT area of the Hanford
Site.
4.2. Introduction
The Hanford Site, located in southeastern Washington State within the Pasco
Basin, is the largest of the three defense production sites, with a land area of
approximately 1500 km2 (McKinley et al., 2007). Over the course of 20 years, a total of
nine plutonium production reactors were built along the adjacent, Columbia River
(Fitzner and Gray, 1991) where plutonium and reusable uranium were processed for
nuclear weapons. In 1952, the wastes from one of the chemical plants on site, the UPlant, were routed to the BC Cribs and Trenches (BCCT) area for direct disposal into the
vadose zone. The BCCT covers approximately 22 acres of the 200 East Area of the
Hanford Site and consists of 26 trenches, 12 cribs and a siphon tank. From 1952-1958,
the BCCT received over 117,000 m3 of waste (USDOE, 2007). These wastes have been
previously characterized as mostly consisting of inorganic salts, radionuclides (U, P, and
Tc) and fission products, with pH values ranging from neutral to basic (Rucker and Fink,
2007; USDOE, 2003). The BCCT area also received the highest concentration of 99Tc
(400 Ci) ever applied to the ground at Hanford (Morse et al., 2008; Rucker and Fink,
2007). Hartman et al. (2004) estimates that 99Tc contamination from the 200 East and
71

200 West Areas will reach the Hanford aquifer in 40 to 50 years and 125 to135 years,
respectively
Several deep vadose zone (DVZ) remediation technologies have been developed
to immobilize contaminants of concern, or COC (Tc, U, or Cr,) at USDOE sites (Dresel
et al., 2008). One method involves the use of surfactant-based foams to deliver chemical
reducing agents, such as Fe0, sodium dithionite and polysulfide, to the heterogeneous
subsurface. However it is unclear how indigenous subsurface microbial communities
will respond to these amendments. For example, the surfactants and/or reductive
amendments could stimulate a native microbial population that lowers the oxidation
reduction potential, thus adding an additional layer of protection against mobilization of
COC. However, microbial growth or shifts in the native community could inhibit
subsurface remedial treatments. Increases in microbial biomass, mineral precipitation
and gas bubble formation from denitrification have decreased the hydraulic conductivity
of zero-valent iron barriers (Gonzalez et al., 2008; Leung et al., 2005; Taylor and Jaffé,
1990).
Community-level physiological profiling (CLPP) can be used as a rapid method
to detect shifts in microbial communities. This method is best described as the
characterization of microbial communities in terms of their structure and function in the
environment (Lehman et al., 1995). CLPP encompasses several community profiling
techniques, including clone library construction (Akob et al., 2007; Brodie et al., 2006),
denaturing gradient gel electrophoresis (DGGE) (Burkhardt et al., 2011; Cummings et al.,
2003), terminal restriction fragment length polymorphism (TRFLP) (Akob et al., 2008;
Petrie et al., 2003) and BIOLOGTM microplates. The latter method is based on sole
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carbon source utilization patterns (CSUP) of microbial communities. BIOLOGTM
EcoPlates have been successfully used to detect biofilm community tolerance to zinc
contamination (Tlili et al., 2011), assess toxicity of cadmium to bacterial communities
(Wang et al., 2004), and to investigate the effects of mercury contamination on soil
bacterial communities (Rasmussen and Sørensen, 2001).
The objective of this study was to evaluate the unique metabolic profile of
microbial communities of sediment from the BCCT before the addition of remedial
amendments to the vadose zone. We investigated the phylogenetic diversity and the
metabolic potential of the microbial communities in sediments from the BCCT area of
the Hanford Site. DNA was extracted from two boreholes at nine depth intervals and the
16S rRNA was sequenced. BIOLOGTM EcoPlates were also used to determine the
metabolic potential of the communities. Substrate utilization patterns were analyzed
using principal component analysis (PCA). The data was also compared to previously
reported physiochemical data from the BCCT to determine possible influences of soil
characteristics and porewater chemistry on the metabolic profiles.
4.3. Materials and Methods
4.3.1. Site Location and Sampling
In March 2010, boreholes C7536 and C7538 were drilled at the BCCT area of the
Hanford Site, WA between cribs 216-B-17 and 216-B-16 (Fig.4.1). Sediment was
sampled from 6.10 m to 21.49 m below ground surface (bgs) and stored at room
temperature for 24 (well C7538) to 72 (well C7536) h. Sub-samples were taken for each
~0.61 m (2 ft) depth interval, placed in 50 mL conical tubes, and stored in the lab at
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−80°C. Characterization of the physiochemical properties of the sediments were
presented by Um et al. (2009).

Figure 4.1. Location of wells C7536 and C7538 adapted from Um et al. (2009) and
USDOE (2007).

4.3.2. DNA Extraction and PCR Amplification
DNA was extracted from10 g of soil at each of the 0.61 m depth intervals in each
borehole using the PowerMax Soil DNA Isolation Kit (Mo Bio Laboratories, Inc.)
following manufacturer’s instructions. Partial 16S, 18S, and functional genes were
amplified from the isolated DNA using the primers and protocols shown in Table 4.1.
Primers targeting the 18S and 16S rRNA genes were used to provide a general census of
fungi, bacteria, and archaea. Bacterial primers targeting common functional genes were
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used to provide a census of sulfate-reducing bacteria, ammonia-oxidizing bacteria,
ammonia-oxidizing archaea, and denitrifying bacteria.
Table 4.1. Primer sequences and protocols used to target 16S, 18S, and functional genes
Target domain
or metabolic
group

Target
gene

Fungi

18S
rRNA

Primer
ITS1

Sulfatereducing
bacteria
Ammoniaoxidizing
archaea

DSR1F
DSR4R

amoA

amoA

Denitrifying
bacteria

nirS

Bacteria

Archaea

ArchamoAF
ArchamoAR

16S
rRNA

Reference(s)
for protocol

54°C

(White et al.,
1990)

54°C

(Wagner et
al., 1998)

53°C

(Francis et
al., 2005)

TCCTCCGCTTATTGATATGC
ACSCACTGGAAGCACG
GTGTAGCAGTTACCGCA
STAATGGTCTGGCTTAGAC
CGGCCATCCATCTGTATGT

AmoA-1F

GGGGHTTYTACTGGTGGT

AmoA-2R

CGGCCATCCATCTGTATGT

nirS1F

CCTAYTGGCCGCCRCART

60°C

nirS6R

CCTAYTGGCCGCCRCART

583Fdg

TCATGGTGCTGCCGCGYGANGG

nirK5R

GCCTCGATCAGRTTRTGG

nirK

16S
rRNA

Annealing
Temperature

TCCGTAGGTGAACCTGCGG

dsrAB

Ammoniaoxidizing
bacteria

Denitrifying
bacteria

ITS4

Sequence
5’ – 3’

27F

45 → 41°C

(Braker et al.,
1998)

45 → 41°C

(Braker et al.,
1998;
Santoro et al.,
2006)

AGAGTTTGATCCTGGCTCAG
42°C

1492R

GGTTACCTTGTTACGACTT

A21F

TTCCGGTTGATCCYGCCGGA
55°C

A958R

(Rotthauwe
et al., 1997;
Stephen et
al., 1999)

(Lane, 1991)

(DeLong,
1992)

YCCGGCGTTGAMTCCAATT

Optimum PCR conditions for each primer pair were determined by FailSafe PCR
PreMix Selection Kit (Epicentre Biotechnologies, Madison, WI). This kit contains 12
reaction premixes, which consist of a buffered salt solution with the 4 dNTPs, varying
quantities of MgCl2 (3-7 mM), and a patented PCR enhancer with trimethyl glycine (08X). For all primer pairs except for nirS and nirK, a basic PCR reaction was used,
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beginning with a denaturation step of 3 min at 95°C. Each FailSafe reaction consisted of
40 cycles of a denaturation step of 30 s at 95°C, a primer annealing step of 30 s at a
primer-specific temperature (Tbl. 4.1), and an extension step of 30 s at 72°C. For the
nirK and nirS primers, touchdown PCR was performed, beginning with a denaturation
step of 5 min at 95°C. One cycle of touchdown PCR consisted of a denaturation step of
30 s at 95°C, a primer- annealing step of 40 s, and an extension step of 40 s at 72°C.
After 30 cycles, a final 7 min incubation at 72°C was performed. The annealing
temperature started at 45 °C and was decreased by 1°C every two cycles for the first six
cycles until it reaches a touchdown of 41°C; this annealing temperature was used for the
next four cycles. The final 20 cycles were performed at an annealing temperature of
43°C.
4.3.3. Cloning
For the sample-primer pair combinations that were run with the complete FailSafe
Kit, PCR products were run out on a gel of ultrapure, low-melt agarose and divided into
small (0.5 to 2 kilobase pairs) and large (2 to 4 kilobase pairs) fragment size categories.
For the other 7.62 to 8.23 m bgs samples, the PCR products were cleaned using the
UltraClean™ PCR Clean-up™ Kit (Mo Bio Laboratories, Inc.). The small fragments (if a
gel was run) or the cleaned PCR products (if a gel was not run) were then cloned into the
vector pCR2.1 using the TOPO TA Cloning Kit (Invitrogen). From each cloning reaction,
280 µL were plated out onto a prewarmed LB agar plate. Plates were incubated overnight
at 37°C; the following day white colonies (indicating a successful insert) were transferred
to a separate plate for further growth and sent to Beckman Coulter Genomics for
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sequencing. Duplicate plates were sequenced in either the 5’-3’ and 3’-5’ direction to
provide added assurance in the annotation and control for sequence errors.
4.3.4. Sequence Analysis and Annotation
Sequence data generated from the amplified and cloned DNA fragments were
evaluated by Beckman Coulter for quality, pass rate, and read length. Only plates/wells
that had pass rates of >85% (typically 93-99%) and sufficient length of bases per read >
500 (average lengths between 635 to 751 (Phred20)) were bioinformatically processed
and annotated. Raw DNA sequence data was uploaded to VecScreen available through
National Center for Biotechnology Information (NCBI) and residual vector sequence
identified by this program were trimmed to reduce the data to only the unique, non-vector
sequence (44 to 740 bases). These unique DNA fragments were then subjected to the
Basic Logic Alignment Search Tool (nBLAST) and all reports were electronically
archived. A cut-off e-value of 1x10 -8 and an overall alignment score >200 was
arbitrarily applied to the output to ensure the most accurate annotation possible. The top
BLAST hit or the highest annotated gene description was then used to assign microbial
ID to the DNA fragment. All sequence data from the bi-directional duplicate plates were
handled independently. Once annotation for a pair of plates was completed the duplicate
plates and annotations were aligned. Only those duplicates with identical or obviously
similar annotations were used to make a final annotation ID. Any annotations that did
not align were removed from further analysis. Finally the annotations were further
characterized to include the taxonomy of the fragment, aligned with the plate IDs, PCR
primer identifiers, and sample # to generate the data as presented.
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4.3.5. Site Characterization Study
4.3.5.1. Un-stimulated Tests
A site characterization study was conducted in which the microbial communities
of sediment samples isolated from the Columbia River bank, a local sagebrush field, and
deep vadose zone (DVZ; 13.56 – 14.17 m bgs from well C7538) were inoculated into
BIOLOGTM EcoPlates (BIOLOG, Inc., Hayward, CA). These plates contain 31 carbon
sources and a blank, in triplicate. Approximately 2.5 g of sediment were added to 50 mL
conical tubes containing 10 mL of sterile 1% phosphate-buffered saline (PBS). The tubes
were placed on a vortex and shaken for 5 minutes. A small aliquot (100 µL) of each
sediment mixture was used for heterotrophic plate counts (see below). Serial dilutions
were carried out to 1:1000 or until sediment particles were no longer visible. One
hundred microliters of the 1:1000 suspension were added to each sample well of the
EcoPlate. PBS was added to the water blank wells. The plates were incubated at 23°C
and absorbance was checked daily with the PowerWave HT Microplate
Spectrophotometer (BioTek, Inc., Winooski, VT) at 590 nm for 6 days. The number of
substrates utilized (community metabolic diversity; CMD) was also counted daily.
4.3.5.2. Stimulated Tests
We hypothesized that stimulation of sediment would yield a microbial community
that was more active and metabolically diverse than un-stimulated sediment. To test this
hypothesis, approximately 2.5 g of DVZ sediment (13.56 – 14.17 m bgs) were added to
two flasks containing 50 mL of 10% tryptic soy broth (TSB) and incubated at 23°C for
48h. However, no visible growth was observed after 48 h so the sediment incubated for
an additional 2 days. After 4 days with no visible growth, the concentration of TSB was
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increased to 20%. This concentration was used in all of the stimulated tests. A small
aliquot (100 µL) of each culture was set aside for use in heterotrophic plate counts (see
below). After incubation, an overnight culture of S. oneidensis MR-1 was combined with
one of the DVZ cultures and both were poured into 50 mL conical tubes and centrifuged
at 3,750 x g for 5 min. The media was poured off and the cell pellet at the bottom of the
tubes was re-suspended in 10 mL of PBS. Serial dilutions were carried out to 1:1000.
One hundred microliters of the 1:1000 suspension were inoculated into each well of the
EcoPlate. PBS was added to the water blank wells. Absorbance was checked daily with
the microplate spectrophotometer at 590 nm for 6 days and the CMD determined.
4.3.5.3. Heterotrophic Plate Counts
Serial dilutions of the sediment suspensions were plated onto 20% tryptic soy agar
(TSA). Plates were incubated at 23°C and the colonies were counted 24 to 72 h after
inoculation.
4.3.6. Borehole Community Analysis
4.3.6.1. Un-stimulated Sediment Samples
To assess the structure and metabolic activity of the microbial communities at
depth, sediment samples from nine depth intervals in each borehole were inoculated into
EcoPlates. Five grams of sediment from each depth were added to 50 mL conical tubes
containing 10 mL of sterile phosphate-buffered saline (PBS; pH 7.4). The tubes were
placed on a vortex and shaken for 10 minutes. Next, 1 mL of the sediment extract was
added to a 50 mL conical tube containing 9 mL of fresh PBS to make a 1:10 dilution.
Dilutions were carried out to 1:1000, or until sediment particles were no longer visible.
One hundred microliters of the 1:1000 suspension were added to each sample well of the
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EcoPlate. PBS was added to the water blank wells. Absorbance was checked daily for
7days and again on days 10 and 14 with the microplate spectriphotometer at 590 nm.
The CMD was also counted daily.
4.3.6.2. Stimulated Sediment Samples
To potentially stimulate the heterotrophic microbial communities in each
borehole, 5 g of sediment from each depth were added to 50 mL of 20% tryptic soy broth
(TSB) and incubated at 25°C for 24 to 48 h. Each culture was added to 50 mL conical
tubes and centrifuged at 3,570 x g for 5 min. After centrifugation, the media was poured
off and the cell pellet at the bottom of the tube was re-suspended in 10 mL of PBS. Serial
dilutions were carried out to 1:1000 and 100 µL were added to each well of the EcoPlate.
PBS was added to the water blank wells. The daily absorbance and CMD were
determined as above.
4.3.6.3. Controls
Our previous study used S. oneidensis MR-1 as a surrogate for the native
microbial community. To validate this claim, an overnight culture of MR-1 was diluted
in 1% PBS (OD600 ~0.022), inoculated into an EcoPlate and incubated for 14 days.
Absorbance was checked daily with the microplate spectrophotometer at 590 nm and the
CMD determined. Heterotrophic plate counts of the sediment extracts were performed as
above. Unique colonies from each plate were isolated from each plate and streaked onto
20% TSA plates for future sequencing.
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4.3.7. Data Analysis
4.3.7.1. Average Well Color Development
The average well color development (AWCD) is indicative of the overall
microbial activity of the culturable heterotrophic community (Choi and Dobbs, 1999;
Weber and Legge, 2010). The AWCD describes the average respiration of the C-sources
by the microbial community and provides a single metric by which communities can be
compared. The AWCD is calculated using the following equation

,

(4.1)

where ODwell is the absorbance of the test well and ODcontrol is the absorbance of the
averaged blank wells. Wells with low absorbance readings resulted in negative values
following normalization and were coded as zeros for further analysis.
4.3.7.2. Substrate Utilization Rate
The rate of substrate utilization was determined for each well at depth using the
first order equation for exponential growth

,

(4.2)

where µ is the specific growth rate, Xa is the concentration of active biomass, and t is
time.
4.3.7.3. Data Normalization
Given the large amount of data points in BIOLOGTM plate studies a single time
point was selected for well comparisons. Absorbance readings at 4 days were chosen for
CLPP analysis. Day 4 was selected because it represented the time point that maintained
the greatest variance between well responses, while limiting the number of wells outside
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the linear absorbance range (Weber et al., 2008; Weber and Legge, 2010). The blank
corrected absorbance values were normalized as recommended by Garland and Mills
(1991) using the following equation:

,

(4.3)

where Ak is the absorbance value in a well, Ao is the averaged absorbance reading of the
blank wells and AWCDt is the AWCD for the selected time point.
4.3.7.4. Principal Component Analysis
PCA was performed on the normalized EcoPlate data using Multi Experiment
Viewer (MeV) Software (Saeed et al., 2003; Saeed et al., 2006). The data sets were
analyzed by extracting the principal components (PC) from the borehole community
analysis data from wells C7536 and C7538, the Columbia River and sagebrush data, and
S. oneidensis MR-1 data.
4.4. Results
4.4.1. Phylogenetic Diversity
The phylogenetic diversity in well C7538 was higher than that of well C7536
(Fig. 4.2). A total of 222 unique clones were obtained from well C7538 while C7536 had
only 17. Most of the identified clones were closely related to the Proteobacteria (Alpha-,
Beta-, Delta-, and Gamma-) and were found at all depths sequenced. Clones related to
Actinobacteridae were found only at depth interval 7.62 to 8.23 m bgs. Phylogenetic
diversity decreased with depth in well C7538, with the highest diversity located at depth
interval 7.62 to 8.23 m bgs and the lowest at depth interval 16.00 to 16.61 m bgs (Fig.
4.2A). Sequence data was only obtained from three depth intervals in well C7536.
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Depth interval 6.86 to 7.62 m had the highest number and most diverse group of clones
when compared to the remaining two depth intervals (Fig. 4.2B). The Alpha- and
Gammaproteobacteria were the dominant phylotypes in well C7536.
4.4.2. Site Characterization Study
Microbial communities from the Columbia River bank, a sagebrush field, and the
DVZ were isolated to assess the ability of the EcoPlate to characterize the microbial
communities from diverse environments. The Columbia River bank sediment was wet
and had a mud-like consistency. Sediment obtained from the sagebrush field was very
dry and hard. The DVZ sediment consisted of dry sand with a moisture content of
~6.67% and pH ranging from 7.87 – 8.54.
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Figure 4.2. Distribution of phylogenetic diversity with depth in wells C7538 (A) and C7536 (B) based on 16S rDNA sequencing.
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Heterotrophic plate counts from each treatment are shown in Fig. 4.3. The
stimulated DVZ sediment had the highest cell number. We expected the Columbia River
to have a higher cell number than the sagebrush community since the environmental
conditions of the river bank appeared more conducive to microbial growth. However, the
sagebrush sediment had a higher cell number than the river sediment. No growth was
observed in the un-stimulated DVZ sediment.

Figure 4.3. CFU g or mL−1 for DVZ sediment (stimulated and un-stimulated), the
Columbia River sediment, and sagebrush sediment.

The AWCD and the metabolic diversity of each of the treatments are shown in
Fig. 4.4. The microbial community from the Columbia River had a higher substrate
utilization rate (µ = 0.71 h−1) than those communities from the other environments (Fig.
4.4A). The sagebrush community had a longer lag phase than the river community, but
after two days of incubation the metabolic activity of the community increased (µ =
0.3123 h−1). No metabolic activity was detected in the DVZ sediment (13.56 – 14.17 m
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bgs) treatments under stimulated or un-stimulated conditions. Additionally, the S.
oneidensis MR-1 amended culture exhibited little metabolic activity.

Figure 4.4. Average well color development (AWCD) (A) and community metabolic
diversity (CMD) (B) of the microbial communities isolated from deep vadose zone
(DVZ) sediment (13.56-14.17 m bgs), the Columbia River, and a sagebrush field. S.
oneidensis MR-1 was also added to a sample of DVZ sediment.

The metabolic diversity of the river bank and sagebrush sediment was higher than
the DVZ and S. oneidensis MR-1 culture (Fig. 4.4B). Again, a lag phase was exhibited in
the sagebrush community lasting for two days; however, by day 6 substrate utilization in
this community surpassed the river bank community which had reached a stationary state.
Low metabolic diversity was observed in the stimulated and un-stimulated DVZ
treatments, as well as the stimulated DVZ sediment plus S. oneidensis MR-1 treatment.
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4.4.3. Borehole Community Analysis
4.4.3.1. Average Well Color Development
To determine the metabolic activity of the microbial communities in each well,
the average well color development was measured with a microplate reader at 590 nm.
Fig. 4.5 shows the AWCD for both well communities under stimulated conditions. These
graphs show the AWCD with time, normalized to the day 0 AWCD value. Clearly, well
C7536 (Fig.4.5A) was more metabolically active than well C7538 (Fig. 4.5B). The
C7536 community with the most metabolic activity was isolated from sediment between
17.22 – 18.83 m bgs and the least active communities were from depths 6.86 – 7.62 and
7.62 – 8.23 m bgs (Fig. 4.5A). The most active communities in well C7538 were from
the bottom of the borehole at 19.66 – 20.27 and 20.88 – 21.49 m bgs.
Well C7536 was also more active than well C7538 under un-stimulating
conditions (Fig. 4.6). A decrease in the absorbance values was observed after 1 day of
incubation. This was likely caused by suspension of the dried carbon source in the wells
which skewed the absorbance values. The most active communities in Well C7536 were
from the middle and bottom of the borehole (Fig. 4.6A). The metabolic activity in well
C7538 appeared more depth dependent with the most active communities from the
upper/higher depths and the least active from the lower/deeper depth (Fig. 4.6B).
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Figure 4.5. The normalized average well color development (AWCD) over time from
EcoPlates inoculated with 20% TSB stimulated microbial communities isolated from
wells C7536 (A) and C7538 (B).

Figure 4.6. The normalized average well color development (AWCD) over time from
EcoPlates inoculated with un-stimulated microbial communities isolated from wells
C7536 (A) and C7538 (B).
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The average substrate utilization, respiration, rates for both wells, from each depth
sampled is summarized in Tbl. 4.2. The metabolic rates in well C7536 were generally
higher than the rates in well C7538 under stimulated conditions. Stimulated communities
in the deeper portions/depths of C7536 were more active than the communities in the
shallower depths. More variation was observed in the metabolic rates of well C7538
under stimulated conditions. The community with the highest substrate utilization rate in
well C7538 was from 19.66 – 20.27 m bgs. Under un-stimulated conditions, the
metabolic rates in well C7536 were higher than the rates in well C7538 at every depth.
Table 4.2. Metabolic rates (h−1) with depth from wells C7536 and C7538
Well C7536(a)

Well C7538(a)

Depth (m bgs)

Stim

Un-stim

Stim

Un-stim

6.86-7.62

0.050

0.0833

0.103

0.030

7.62-8.23

0.068

0.146

0.108

0.110

10.82-11.43

0.103

0.120

0.077

0.0132

12.34-12.95

0.158

0.084

0.185

-0.016

13.56-14.17

0.372

0.150

0.071

-0.0050

16.00-16.61

0.120

0.065

0.114

0.20

17.22-17.83

0.470

0.0493

0.183

0.017

19.66-20.27

0.319

0.101

0.204

-0.061

20.88-21.49

0.364

0.111

0.093

-0.086

−1

(a) Metabolic rates expressed as µ (h )

4.4.3.2. Community Metabolic Diversity
To determine the metabolic diversity of the microbial communities from wells
C7536 and C7538, the number of substrates utilized in each plate was counted. The
metabolic diversity of well C7536 was higher than the metabolic diversity of well C7538
under stimulated conditions. Some of the communities in both wells experienced a lag in
substrate utilization that lasted 2 days for well C7536, and 3 days for well C7538. The
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microbial community from 12.34 – 12.95 m bgs in well C7536 utilized the most
substrates over the entire 14 day incubation (Fig. 4.7A) when compared to the other
depths. Similarly, the community in well C7538 at the same depth interval had the
highest metabolic diversity for the borehole (Fig. 4.7B). The least metabolically diverse
communities from wells C7536 and C7538 were at depth interval 10.82 – 11.43 m bgs.

Figure 4.7. Community metabolic diversity over time from EcoPlates inoculated with
20% TSB stimulated microbial communities from wells C7536 (A) and C7538 (B).
Under un-stimulated conditions, the microbial communities in well C7536 were
also more metabolically diverse than the communities in well C7538. The shallower
depths (6.86 – 7.62 and 7.62 – 8.23 m bgs) of well C7536 had higher metabolic diversity
than the deeper depths (Fig. 4.8A). This is also true for well C7538 as the community
from the same depth interval utilized the most substrates over the incubation period (Fig.
4.8B).
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Figure 4.8. Community metabolic diversity over time from EcoPlates inoculated with unstimulated microbial communities isolated from wells C7536 (A) and C7538 (B).

4.4.3.3. Plate Counts
Heterotrophic plate counts were performed on the communities isolated from
wells C7536 and C7538 under stimulated and un-stimulated conditions (Tbl. 4.3). A
significant amount of microbial growth was observed in well C7536 under un-stimulated
conditions at all depths. However, some of the cell numbers decreased following
stimulation, as was the case at depth interval 12.34 – 12.95 m bgs. While very little data
was collected from the un-stimulated plate counts with well C7538 sediment, incubation
of the sediments with 20% TSB stimulated the microbial communities at each depth.
Under stimulated conditions, only two depths provided countable plate CFUs (7.62 –
8.23 and 16.00 – 16.61m bgs) in well C7538. A total of 627 colonies were randomly
selected from each depth and isolated on fresh 20% TSA for future sequencing.
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Table 4.3. Heterotrophic plate counts for wells C7536 and C7538 under stimulated and
un-stimulated conditions
Well C7536

Well C7538

Un-stimulated

Stimulated

Depth
(m bgs)

Un-stimulated

Stimulated

CFU g−1

Stdev

CFU mL−1

Stdev

CFU g−1

Stdev

CFU mL−1

Stdev

6.86 - 7.62

2.34E+18

2.97E+17

3.05E+23

6.36E+22

BD

0

5.05E+04

2.33E+04

7.62 - 8.23

1.17E+16

1.65E+16

6.35E+10

1.91E+10

1.30E+04

1.77E+03

3.05E+07

7.07E+05

10.82 - 11.43

1.33E+09

5.52E+08

9.8E+08

3.11E+08

BD

0

8.65E+06

1.34E+06

12.34 - 12.95

2.33E+24

1.13E+23

8.45E+13

1.06E+13

BD

0

1.77E+07

1.18E+07

13.56 - 14.17

8.1E+08

2.55E+08

9.05E+18

1.28E+19

BD

0

1.77E+08

1.74E+08

16.00 - 16.61

2.02E+09

5.8E+08

8.8E+12

5.66E+11

1.96E+08

2.18E+08

6.65E+07

7.07E+05

17.22 - 17.83

1.47E+09

7.07E+07

2.15E+13

3.04E+13

BD

0

3.55E+07

1.06E+07

19.66 - 20.27

1.93E+09

9.12E+08

1.93E+20

5.40E+13

BD

0

1.59E+09

2.13E+09

20.88 - 21.49

2.34E+09

4.53E+08

8.1E+23

9.9E+22

BD

0

1.56E+07

2.18E+07

BD: below detection

4.4.3.4. Microbial Communities and Contaminant Profiles
To determine the potential influence of the physiochemical data of the BCCT and
the microbial functional potential of each well, the number of substrates utilized at 10
days was plotted against the moisture content (blue line), pH (purple line), nitrate (green
line) and Tc(VII) (red line) concentrations of a nearby borehole in the BCCT area (Figs.
4.9 –10). These values were obtained from the PNNL report by Um et al. (2009). Day
10 was chosen to show the differences in metabolic activity at each depth over the course
of the experiment. The microbial communities at depths 7.62 – 8.23, 10.82 – 11.43, and
12.34 – 12.95 m bgs were under elevated moisture and pH, and low nitrate and Tc(VII)
concentrations. The communities at lower depths were under low moisture,
circumneutral pH, and high Tc(VII) and nitrate concentrations.
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Figure 4.9. Substrate utilization in well C7536 at 10 d incubation under un-stimulated (black bars) and stimulated (gray bars)
conditions with depth. Additionally the moisture (blue line), pH (purple line), nitrate (green line), and Tc(VII) (red line)
concentrations (Um et al., 2009) with depth were plotted.
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Figure 4.10. Substrate utilization in well C7538 at 10 d incubation under un-stimulated (black bars) and stimulated (gray bars)
conditions with depth. Additionally the moisture (blue line), pH (purple line), nitrate (green line), and Tc(VII) (red line)
concentrations (Um et al., 2009) with depth were plotted.
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4.4.4. Principal Component Analysis
Principal component analysis of the CLPP revealed little differentiation in
microbial activity with depth in wells C7536 and C7538 (Fig. 4.11). The first two axes
(principal components 1 and 2, or PC1 and PC2, respectively) accounted for over 74% of
the variance in the microbial communities with depth. Specifically, PC1 accounted for
48.34% of the variance, while PC2 explained 25.78% of the variance. Therefore most of
the communities, under stimulated and un-stimulated conditions, separated along PC1.
This cluster of communities had similar substrate utilization patterns. The communities
from the Columbia River and sagebrush, as well as S. oneidensis MR-1, also clustered
with most of the borehole communities along PC1. Microbial communities found at 7.62
– 8.23 and 13.56 – 14.17 m bgs in well C7536 separated together along the PC2 axis
indicating their similar substrate utilization patterns. Two communities, one from well
C7536 under stimulated conditions (16.00 – 16.61m bgs) and the other from well C7538
(6.86 – 7.62 m bgs) under un-stimulated conditions were separated along PC1, away from
the larger cluster.
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Figure 4.11. Principal component analysis based on the substrate utilization patterns with
depth in boreholes C7536 and C7538. The points are labeled by well (“1” for C7536 and
“2” for C7538) and depth (m bgs). For example, 1- 13.56-14.17 means well C7536 at
depth interval 13.56 to14.17 m bgs.

4.5. Discussion
Before remedial amendments are added to contaminated subsurface
environments, it is necessary to understand the composition and metabolic potential of
the native microbial communities. Stimulation or inhibition of key players in the
microbial community could prove harmful to overall remediation efforts. Therefore, we
examined the phylogenetic and metabolic diversity of two boreholes (C7536 and C7538)
from the BCCT area of the Hanford Site, WA. Sequencing of 16S rRNA revealed well
C7538 to be more phylogenetically diverse than well C7536. However, BIOLOGTM
EcoPlate analysis revealed that microorganisms in well C7536 could use more substrates,
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and used them at faster rates, than well C7538. Furthermore, well C7536 sediments had
higher heterotrophic plate counts at all sampled depths than well C7538. Principal
component analysis of the AWCD showed that most of the microbial communities in the
boreholes had similar substrate utilization patterns.
It is important to note that BIOLOGTM plates are only able to assess metabolic
activity of the viable heterotrophic microbial community. However, BIOLOGTM can be
used to detect shifts in heterotrophic communities that could be indicative of
environmental changes, such as contamination (Rasmussen and Sørensen, 2001). The
metabolic capacity of a community is more relevant than species identification since
multiple bacteria can fill a metabolic niche. The metabolic niche is the actual function
and therefore real interface with the geochemistry of the subsurface. Shifts in metabolic
profiles can be used to monitor changes in microbial communities that may occur at
remediation sites. For example, the efficacy of subsurface remedial efforts could be
greatly diminished if microbial populations grow or die unexpectedly from these
treatments. In the event that microbial populations remain intact, their well characterized
metabolic activities related to radionuclides and metals could function to undermine
remedial efforts.
The EcoPlate experiments in this study only addressed the viable aerobic,
heterotrophic microbial community of the BCCT; however, anaerobic communities
would no doubt yield different metabolic profiles as different microorganisms would be
activated. Although the aerobic microbial community of sediment from the Hanford Site
have been studied extensively (Balkwill et al., 1998; Brockman et al., 1992; Fredrickson
et al., 2004a; Kieft et al., 1993), studies on the anaerobic population are lacking. We
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chose not to address the anaerobic population in this study due to the specialized
expertise, necessary equipment, and extended incubation periods for the cultivation of
typical anaerobic microorganisms.
A site characterization study was conducted to test the applicability of
BIOLOGTM plates to the task of assessing Hanford Site microbial communities prior to
the addition of amendments. The cell number of the stimulated DVZ sediment was
higher than the un-stimulated DVZ sediment, as expected, due to prior incubation with
20% TSB. Nevertheless, the metabolic activity and diversity of stimulated and unstimulated DVZ sediment communities remained low throughout the experiment. We
anticipated the Columbia River sediment would have the highest cell number and be the
most metabolically active community when compared to the DVZ and sagebrush
communities. The Columbia River sediment was more metabolically active than all of
the treatments during the first 5 days of the experiment. However by day 6 of the
experiment, the sagebrush microbial community was using more substrates than the
Columbia River community. Furthermore, the lag in metabolic activity observed in the
sagebrush experiment suggests that the microbial community required time to acclimate
to the substrates in the EcoPlate. It is likely that the higher cell number in the sagebrush
community was due to a higher affinity of the microbes to the nutrients in the TSA than
the Columbia River sediment community. Together these results indicated that the
EcoPlate was suitable for assessing the metabolic function of Hanford Site vadose zone
sediment.
In our previous study (Bailey et al., In Press) S. oneidensis MR-1 was used as a
surrogate for the native microbial community of the DVZ on the premise that its diverse
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metabolism would have a similar metabolic profile to native communities. S. oneidensis
MR-1 is a facultative anaerobic bacterium capable of respiring various electron acceptors,
such as oxygen, nitrate, fumarate, sulfur, Fe(III), Mn(III/IV), Cr(VI), U(VI) and Tc(VII)
(Carpentier et al., 2003; Liu et al., 2002; Lloyd and Macaskie, 1996; Myers and Nealson,
1990; Nealson and Saffarini, 1994). S. oneidensis MR-1 has been used as a model
organism for anaerobic sediment-dwelling bacteria by other researchers (Groh et al.,
2005). To test this hypothesis, S. oneidensis MR-1 was inoculated into EcoPlates and the
substrate utilization pattern was analyzed using PCA. Principal component analysis
revealed that MR-1 clustered together with the bulk of the microbial communities from
the sediment samples indicating similar substrate utilization patterns.
Interestingly, when DVZ sediment was combined with a culture of S. oneidensis
MR-1 and subsequently inoculated into an EcoPlate, low metabolic activity and diversity
were observed. Groh et al. (2005) inoculated S. oneidensis MR-1 into sediment
microcosms and were unable to achieve the appropriate amount of growth in sediment
survival studies without the addition of lactate. Therefore, S. oneidensis MR-1survival in
the sediment experiment may have required the addition of lactate to stimulate metabolic
activity. Unfortunately the addition of lactate to our experiment would likely have
affected the accuracy of the substrate utilization rates and metabolic diversity of the
EcoPlate data. Another possible cause could be that a predatory organism(s) may have
killed the S. oneidensis MR-1 cells before they had a chance to use the substrates in the
EcoPlates.
The borehole sediments used in this study belong to the Hanford formation
stratigraphic unit (Um et al., 2009). The Pleistocene-age (2.588 million to 12,000 years
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before present) Hanford formation was formed from catastrophic flood deposits from
glacial Lake Missoula (Gee et al., 2007; Zachara et al., 2007b). Sediments in the Hanford
formation are characterized as loose, boulder-size gravel, sand and silt (Serne et al.,
2008). Microbial communities of the Hanford formation have been studied previously
(Kieft et al., 1994; Lin et al., 2012a; Lin et al., 2012b). The results from our study
indicate that microbial communities of the Hanford formation under the BCCT are highly
diverse and vary not only with depth but laterally as well.
We hypothesized that due to the sediment from well C7536 sitting at room
temperature for 48 to 72 h, much of the microbial community diversity and activity were
lost. The average temperature of the deep vadose zone at Hanford Site is approximately
15°C and a ~10° change in temperature (room temperature was approximately 23°C)
could affect enzymatic activity and structure of the microbial community, as observed in
other studies (Adams et al., 2010; Chin et al., 1999; Pietikainen et al., 2005). A ten
degree change in temperature has the potential to affect enzymatic reactions within cells.
The sequence data seemed to confirm this hypothesis, as the phylogenetic diversity of
well C7536 (17 clones obtained) was much lower than that of well C7538 (222 clones
obtained). However, EcoPlate experiments revealed that although well C7538 had more
phylotypes in the sediment, it did not translate to increased microbial activity. Well
C7536 communities utilized more substrates than well C7538 and had higher cell
numbers at each sampled depth. One explanation for the low activity of well C7538
could be that too much sediment was used in the initial extraction prior to inoculation
into the EcoPlates. Bailey et al. (2012) examined the enzymatic activity of soil
macroaggregates (250 to 1000 µm in diameter) and found that the smallest
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macroaggregate (which could not be weighed accurately) had the highest enzymatic
activity. The researchers concluded that using environmental samples that are closer in
scale to actual microbial habitats may provide a better understanding of the relationship
between microbial community structure and function (Bailey et al., 2012). Therefore, it
is possible that smaller masses of sediment could yield more metabolically active
microbial communities from well C7538.
Microbial growth in the vadose zone, as in all environments, is influenced by the
pH and temperature, as well as the availability of moisture, carbon and energy sources,
terminal electron acceptors and nutrients (Holden and Fierer, 2005). For example, one of
the more active communities of wells C7536 and C7538 was found at depth interval
12.34 – 12.95 m bgs. Environmental conditions at this depth include elevated moisture
and pH, and low nitrate and Tc(VII) concentrations. Fredrickson et al. (2004a) examined
the phylogenetic diversity of microorganisms from contaminated sediments in the 300
Area of the Hanford Site. Despite the harsh environmental conditions to which these
sediments were subjected (i.e. high alkali, nitrate, aluminate, chromium, 137Cs and 99Tc),
bacterial isolates were obtained from most of the sediment samples (Fredrickson et al.,
2004a). Likewise, in the present study, over 600 microbial isolates were obtained from
the BCCT sediments and their presence may not only influence contaminant fate and
transport (Fredrickson et al., 2004a) in the vadose zone, but these communities could
have implications on the efficacy of remedial amendment field applications. More
studies are needed to assess the impact of native microbial communities on subsurface
remediation technologies.
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Although studies show that microbial enzymatic activity decreases with depth
(Taylor et al., 2002), respiration rates in deeper soils can be as high, if not higher than
those at the surface following the addition of water or aqueous nutrients (Chapatwala et
al., 1996; Dick et al., 2000). In the present study, the metabolic (or respiration) rates of
stimulated well C7536 communities were higher at depth than respiration rates closer to
the surface. Under un-stimulated conditions the metabolic rates varied more with depth.
Stimulation of the native microbial communities in the borehole sediments
required 24 – 48 h incubation at room temperature. The cell numbers of three depth
intervals from 7.62 – 12.95 m bgs were reduced following stimulation with 20% TSB,
and subsequent growth on 20% TSA. It is possible that this concentration of TSB/A was
too high and as a result inhibited microbial growth. Previous studies have shown that
high nutrient concentrations can decrease the ability to maintain soil bacteria in culture
(Ohta and Hattori, 1980; Olsen and Bakken, 1987). Furthermore, rich media
formulations, such as nutrient agar or TSA, can decrease the cultivability of soil bacteria
(Zengler, 2008). Davis et al. (2005) examined the effects of medium, amongst other
factors, on the cultivability of soil bacteria and found that 0.1% TSA was not able to
effectively grow rarely isolated bacterial groups compared to the other 5 media
formulations tested. Future cultivation studies on the microbial communities of the
BCCT should test other media types and concentrations to potentially improve
culturability.
4.6. Conclusions
This study represents Phase I of a larger study to monitor microbial community
shifts in the subsurface before and after remedial treatment with FDT. We characterized
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the phylogenetic and metabolic diversity of two boreholes from the BCCT and
discovered that the most diverse borehole was not the most metabolically active.
Furthermore, multivariate analysis of the metabolic profiles revealed similarities in
substrate utilization patterns of the borehole, Columbia River and sagebrush
communities. Together, these results emphasize the importance of evaluating the
metabolic activity and potential of the native microbial communities in the subsurface in
order to predict how they might impact remediation efforts.
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Chapter 5 Changes in Microbial Metabolic Diversity Following Exposure to
Surfactants and Calcium Polysulfide

5.1. Abstract
Foam delivery technology (FDT) allows for even distribution of remedial
amendments to contaminated subsurface environments. However, subsurface microbial
communities could potentially modulate the efficiency of this technology in the
subsurface. Therefore, the microbial communities of three depth intervals in well C7536,
a borehole in the 200 Area of the Hanford Site, were characterized before and after
exposure to the surfactants sodium dodecyl sulfate (SDS) and cocamidopropyl betaine
(CAPB) and the remedial amendment calcium polysulfide (CPS). These chemicals are
potential components of FDT. The community-level physiological profiles were
examined using principal component analysis of BIOLOGTM EcoPlate data. Data
transformation and subsequent analyses revealed that exposure to the surfactants and CPS
caused a shift in the community-level physiological profiles of the sediments.
5.2. Introduction
Foam delivery technology (FDT) is a new method that delivers remedial
amendments to the contaminated subsurface using surfactant foams. This technology
holds promise, as it is able to overcome subsurface preferential flow and access
contaminated areas without further mobilizing contaminants. FDT has been proposed as
a remedial method for technetium-99 (99Tc) immobilization in the BC Cribs and Trenches
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Area of the Hanford Site, WA. However, little is known about how the proposed
surfactants or remedial amendments will affect the native microbial communities of the
BCCT or how the presence activity of native microbial communities will impact FDT.
In Chapter 3 of this dissertation five surfactants and the reductive amendment,
calcium polysulfide (CPS), were tested on the growth of Shewanella oneidensis MR-1. S.
oneidensis MR-1 was used as a surrogate for the native microbial community. The
results revealed that while CPS and most of the surfactants were inhibitory to growth, one
surfactant, sodium dodecyl sulfate (SDS), was stimulatory at all tested concentrations.
However, these results were only applicable to S. oneidensis MR-1 and thus no direct
conclusions could be drawn about potential responses of an indigenous microbial
community to proposed FDT components.
The purpose of this study was to assess changes in the community-level
physiological profiles (CLPP) of microbial communities isolated from the BCCT section
of the Hanford Site following exposure to the surfactants SDS and cocamidopropyl
betaine (CAPB), and remedial amendment, CPS. The data presented in this study are a
continuation of the borehole community characterization study reported in Chapter 4.
Sediment from three depth intervals in borehole C7536 was exposed to SDS,
cocamidopropyl betaine (CAPB) and CPS before inoculation into BIOLOGTM EcoPlates.
Well C7536 was chosen for the exposure studies because our prioir results revealed it to
be the most active well. The substrate utilization patterns were analyzed using principal
component analysis (PCA).

105

5.3. Materials and Methods
5.3.1. Site Location
Borehole C7536 was drilled in the BCCT area of the Hanford Site, WA.
Sediment was sampled from 6.10 m to 21.49 m below ground surface (bgs) and stored at
room temperature for 72 h. Sediment samples were taken for each ~0.61 m (2 ft) depth
interval, placed in 50 mL conical tubes, and stored in the lab at −80°C.
5.3.2. Chemicals
Both SDS and CAPB were donated by Stepan Co. (Northfield, IL). SDS, as CS330 (28% w/w) solution, is an anionic surfactant commonly found in household
detergents and cleansers. CAPB is a non-ionic surfactant solution (30% w/w) commonly
used in cosmetics. Calcium polysulfide (CPS; CaS5; 29% w/w; VGS Co., Bloomington,
MN) is a remedial chemical capable of reducing Cr(VI) and Tc(VII).
5.3.3. Sediment Exposures
Based on the moisture, pH, nitrate and Tc(VII) depth profiles for area 216-B16/17 (Um et al. 2009) of the BCCT, three depth intervals from borehole C7536 were
selected for exposure to the surfactants and CPS: 7.62 – 8.23, 12.34 – 12.95, 64.5 – 66.5
m bgs. For the un-stimulated treatments, 5 g of sediment were incubated with 10 mL of
PBS amended with SDS (50 and 250 µM), CAPB (20 and 50 mM), or CPS (1.45 mM)
for 24 h at 23°C. After incubation, the treatments were diluted to 1:1000 and inoculated
into the EcoPlates (100 µL). PBS was added to the water blank wells. For the stimulated
treatments, 5 g of sediment were added to 50 mL of 20% TSB and incubated for 24 to 48
hr. Next, the culture was poured into a sterile 50 mL conical tube, centrifuged at 3,750 x
g, and re-suspended in 1% PBS amended with SDS (50 and 250 µM), CAPB (20 and 50
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mM), or CPS (1.45 mM). The treatments were incubated at 23°C for 24 h before
inoculation into the EcoPlates. Sediment samples taken from the same depth intervals,
not treated with surfactants or CPS, were used as controls. The plates were checked daily
for 7 days and again on days 10 and 14 with the PowerWave HT Microplate
Spectrophotometer (BioTek, Inc., Winooski, VT) at 590 nm. The number of substrates
utilized (CMD) was counted daily.
5.3.4. Data Analysis
The average well color development (AWCD) at each time point was determined
using the following equation:

,

(5.1)

where ODwell is the absorbance of the test well and ODcontrol is the absorbance of the
averaged blank wells. Wells with low absorbance readings resulted in negative values
following normalization and were coded as zeros for further analysis.
5.3.4.1. Substrate Utilization Rate
The rate of substrate utilization was determined for each well at depth using the
first order equation for exponential growth:

,

(5.2)

where µ is the specific growth rate, Xa is the concentration of active biomass, and t is
time.
5.3.4.2. Data Normalization
A single time point, t = 4 days, was selected for CLPP analysis. The day 4
readings were able to capture the greatest variance between well responses, while
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remaining within the linear absorbance range (Weber et al., 2008; Weber and Legge,
2010). The AWCD values were normalized using the following equation:

,

(5.3)

where Ak is the absorbance value in a well, Ao is the averaged absorbance reading of the
blank wells and AWCDt is the AWCD for the selected time point.
5.3.4.3. Principal Component Analysis
Principal component analysis (PCA) was performed on the normalized EcoPlate
data using Multi Experiment Viewer (MeV) Software (Saeed et al., 2003; Saeed et al.,
2006). The data sets were analyzed by extracting the principal components (PC) from the
normalized AWCD data from each plate.
5.4. Results
5.4.1. Sediment Exposures
5.4.1.1. SDS
The normalized AWCD and CMD for the stimulated SDS treated sediments are
shown in Fig. 5.1. All of the SDS treated sediments had higher AWCD values than their
controls at both concentrations tested (Fig. 5.1A and B). The community from depth
interval 19.66 – 20.27 m bgs was more active than the other depths. The 250 µM
treatments had higher metabolic activity when compared to the 50 µM treatments. With
the exception of depth interval 12.34 – 12.95 m bgs, the CMD of the 50 and 250 µM
treated sediments tended to be higher than the controls (Fig. 5.1C and D). The metabolic
diversity of depth intervals 7.62 – 8.23 and 19.66 – 20.27 m bgs increased following
exposure to both concentrations of SDS (Fig. 5.1C and D). By day 14, the 50 µM treated
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community at depth interval 7.62 – 8.23 m bgs used the most substrates. Of the 250 µM
treatments, 12.34 – 12.95 m bgs community used the most substrates after 14 days.
The un-stimulated 50 µM sediment from depth interval 19.66 – 20.27 m bgs had
the most active community followed by the community at 12.34 – 12.95 m bgs (Fig.
5.2A). A similar trend was observed in the 250 µM treated sediment (Fig. 5.2B), in
which the community from depth interval 19.66 – 20.27 m bgs was the most active.
However, the overall activity of the 50 µM treatments was higher than the activity of the
250 µM treatments. All of the 50 µM treatments used more substrates than their controls
and, by the end of the experiment, the community at depth interval at 12.34 – 12.95 m
bgs used the most substrates (Fig. 5.2C). The number of substrates used by the 250 µM
treatments did not vary much from the controls; however, after 14 days, the communities
from depth intervals 6.86 – 7.62 and 12.34 – 12.95 m bgs used the most substrates (Fig.
5.2D).
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Figure 5.1. Normalized average well color development (AWCD) and community
metabolic diversity (CMD) for stimulated sediment communities treated with SDS. The
AWCD for both tested concentrations are shown in (A) 50 µM and (B) 250 µM. The
CMD for each concentration is found in (C) 50 µM and (D) 250 µM. The white symbols
represent the controls and black symbols represent the treatments.

110

Figure 5.2. Normalized average well color development (AWCD) and community
metabolic diversity (CMD) for un-stimulated sediment communities treated with SDS.
The AWCD for both concentrations are shown in (A) 50 µM and (B) 250 µM. The
number of substrates used is found in (C) 50 µM and (D) 250 µM. The white symbols
represent the controls and black symbols represent the treatments.

5.4.1.2. CAPB
All of the stimulated CAPB treatments were more metabolically active than their
controls. The community at depth interval 19.66 – 20.27 m bgs was the most active at
both CAPB concentrations (Fig. 5.3A and B). The overall activity of the communities
treated with 20 mM CAPB were higher than the activity of the same communities treated
with 50 mM CAPB. The communities at depth intervals 7.62 – 8.23 and 19.66 – 20.27 m
bgs used more substrates than their controls (Fig. 5.3C). With the exception of the
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community at 12.34 – 12.95 m bgs, the communities at the remaining depth intervals
used more substrates than their controls throughout the entire experiment (Fig. 5.3D).
After 14 days of incubation, the 7.62 – 8.23 m bgs community used the most substrates.

Figure 5.3. Normalized AWCD and CMD for stimulated sediment communities treated
with CAPB. The AWCD for both concentrations are shown in (A) 20 mM and (B) 50
mM. The number of substrates used is found in (C) 20 mM and (D) 50 mM. The white
symbols represent the controls and black symbols represent the treatments.

All of the un-stimulated 20 mM treatments had higher activity than the controls
with the community at depth 19.66 – 20.27 m bgs having the highest metabolic activity
(Fig. 5.4A). The community at the same depth interval also had the highest activity
following exposure to 50 mM CAPB (Fig. 5.4B). Furthermore, the activities of the 50
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mM treatments were much higher than their controls. Both of the CAPB treated
communities used more substrates than the control communities (Fig. 5.4C and D).

Figure 5.4. Normalized AWCD and CMD for un-stimulated sediment communities
treated with CAPB. The AWCD for both concentrations are shown in (A) 20 mM and
(B) 50 mM. The number of substrates used is found in (C) 20 mM and (D) 50 mM. The
white symbols represent the controls and black symbols represent the treatments.

5.4.1.3. CPS
All of the stimulated sediments treated with CPS had higher metabolic activity
than their controls. The community from depth interval 19.66 – 20.27 m bgs had the
highest metabolic activity (Fig. 5.5A). After 10 days, the activity of all CPS treated
sediments reached a stationary phase. Moreover, the CPS treated sediments used more
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substrates than their controls (Fig. 5.5B). By day 14, communities from 7.62 – 8.23 and
12.34 – 12.95 m bgs used the most substrates.

Figure 5.5. Normalized AWCD (A) and CMD (B) for stimulated sediment communities
treated with 1.45 mM CPS. The white symbols represent the controls and black symbols
represent the treatments.

Under un-stimulated conditions, CPS treated sediment communities had higher
metabolic activity than the controls at all time points (Fig. 5.6A). Sediment from depth
interval 19.66 – 20.27 m bgs had the highest metabolic activity. All CPS treated
sediment communities used more substrates than their controls. After 14 days,
communities at 19.66 – 20.27 and 7.62 – 8.23 m bgs used the most substrates (Fig. 5.6B).
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Figure 5.6. Normalized AWCD (A) and CMD (B) for un-stimulated sediment
communities treated with 1.45 mM CPS. The white symbols represent the controls and
black symbols represent the treatments.

5.4.1.4. Metabolic Rates
The rates of substrate utilization are shown in Fig. 5.7. Under stimulated and unstimulated conditions, all of the treated sediments had higher rates than the controls (Fig.
5.7A and B). Stimulated sediments treated with 50 mM CAPB and 250 µM SDS had the
highest substrate utilization rates at all three depth intervals. At depth interval 7.62 –
8.23 m bgs, un-stimulated CAPB and CPS treated sediments had the highest metabolic
rates. Interestingly, the metabolic rate of the un-stimulated SDS treated sediments
increased with increasing depth (Fig. 5.7B). It is important to note that no statistical
analysis were performed on the data in Fig. 5.7 as these values represent the average rate
of substrate utilization of one EcoPlate per treatment, per depth.
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Figure 5.7. Rate of substrate utilization under stimulated (A) and un-stimulated (B)
conditions. No statistics were performed on this data as they represent the rate of
substrate utilization for one EcoPlate per treatment, per depth. Concentrations tested
include: SDS1 is 50 µM; SDS2 is 250 µM; CAPB1 is 20 mM; CAPB2 is 50 mM; CPS is
1.45 mM.

5.4.2. Principal Component Analysis
5.4.2.1. Controls
Principal components were extracted from the normalized AWCD values of each
control plate. Axes PC1 and PC2 accounted for 90.47% of the total variance in the
metabolic profiles (Fig. 5.8). Axis PC1 explains 62.53% of the variance while PC2
explains 27.94%. All of the un-stimulated controls clustered together indicating similar
carbon utilization patterns. The stimulated communities did not group together with each
other, and in fact, were distributed into separate quadrants, away from the un-stimulated
group. This wide separation indicates that these communities are not similar in their
physiological profile and are distinctly different from each other, as well as their unstimulated counterparts.
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Figure 5.8. PCA ordination of control sediment communities under stimulated and unstimulated conditions.

5.4.2.2. Sediment Exposures
The PCA ordinations of normalized AWCD data from the sediment exposure
experiments are shown in Fig. 5.9. The axes explain 47.27% of the total variance. The
first PC accounted for 27.42% and the second explained 19.84% of the variance. The
PC3 axis accounted for 15.58% of the variance (see Appendix D. Fig. D1.). The treated
sediment communities clustered into two main groups along PC1 indicating their similar
metabolic profiles. The stimulated CPS treated community from this depth interval
separated along PC2 and did not group with any other community indicating its distinct
metabolic profile.
The PCA ordinations of the controls and treatment data are depicted in Fig. 5.10.
Because PC1 and 2 accounted for 59% of the total variance (Fig. 5.10), a second
ordination was constructed to show PCs 1 and 3 (see Appendix D. Fig. D2). Together, all
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three PCs account for 69.37% of the total variance in this data set. The control
communities are underlined according to their depth intervals. The colored circles
represent communities from the same depth interval that clustered together.

Figure 5.9. PCA ordination of sediment communities exposed to SDS, CAPB, and CPS.
The points are labeled by depth interval (for example, “1” represents 7.62 – 8.23),
condition (“s” or “u” for stimulated or un-stimulated) and exposure. Exposures included
the following: CAPB1 is 20 mM; CAPB2 is 50 mM; SDS1 is 50 µM; SDS2 is 250 µM;
CPS is 1.45 mM. Black circles indicate communities that grouped together.

PC1 explained 46.6% of the variance while PC2 only explained 12.4% (Fig.
5.10). Several of the stimulated and un-stimulated treatments grouped with their
corresponding control communities (red and blue circles; Fig. 5.10). This indicates that
even after exposure to the chemicals, these communities maintained their metabolic
function. All of the un-stimulated controls clustered together in a manner similar to the
control ordination plot (Fig. 5.8); however, here the stimulated community from depth
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interval 7.62 – 8.23 m bgs also clustered with the un-stimulated controls (Fig. 5.10; black
circle). The stimulated CPS treated community from depth interval 19.66 – 20.27 m bgs
separated on PC2, away from the other communities signifying its distinct metabolic
profile.
5.5. Discussion
Discounting the role of subsurface microbial communities introduces greater risk
for remediation failure. The objective of this study was to determine the effects of two
surfactants and the remedial amendment CPS on microbial communities of the deep
vadose zone. In our previous study, we tested five surfactants on the growth inhibition
and stimulation of S. oneidensis MR-1 (Bailey et al., In Press). SDS and CAPB were
chosen for use in this study because of their stimulatory and inhibitory effects,
respectively, to S. oneidensis MR-1. Here, sediment from three depth intervals in well
C7536 was exposed to SDS, CAPB, and CPS and inoculated into BIOLOGTM EcoPlates.
Some of the sediment samples from each depth interval were incubated with 20% TSB
before surfactant and CPS treatments in order to stimulate dormant microbes within the
sediment. The average activity rates, metabolic diversity, and community-level
physiological profiles were determined. We believed the stimulated microbial
communities to be metabolically different from the un-stimulated sediment communities.
Overall, the surfactants and CPS increased the substrate utilization rate and metabolic
diversity of the microbial communities when compared to the controls. These data
suggest that the surfactants and CPS have the potential to alter microbial activity in
subsurface microbial communities.
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Figure 5.10. PCA ordination of control communities and communities exposed to SDS,
CAPB and CPS. Control communities are underlined with a green line (from 7.62 – 8.23
m bgs), red line (12.34 to 12.95 m bgs), or a blue line (19.66 – 20.27 m bgs). Treatment
communities are labeled by depth interval (for example, “1” represents 7.62 – 8.23),
condition (“s” or “u” for stimulated or un-stimulated) and exposure. Exposures included
the following: CAPB1 is 20 mM; CAPB2 is 50 mM; SDS1 is 50 µM; SDS2 is 250 µM;
CPS is 1.45 mM. The colored circles represent communities from the same depth
interval that clustered together. The black circle identifies the controls that grouped
together.

Under stimulated conditions, treatment with SDS increased the metabolic rates of
the communities at each depth when compared to the untreated sediment, indicating the
stimulatory effects of this surfactant to the microbial communities. This is in agreement
with results from our previous study in which SDS increased the growth rates of S.
oneidensis MR-1 under stimulated conditions (Bailey et al., In Press). Treatment with
SDS also increased the metabolic diversity of the stimulated sediment communities.
Furthermore, the stimulated 250 µM treated communities had higher metabolic rates than
the 50 µM treatments. A decrease in the metabolic activity was observed in the un120

stimulated 250 µM treated communities when compared to the 50 µM treatments (depth
intervals 12.34 – 12.95 and 19.66 – 20.27 m bgs) when compared to the 50 µM treatment.
Previous tests with S. oneidensis at the same concentrations resulted in higher growth
rates with increasing concentration (Bailey et al., In Press). It would seem that the higher
concentration of SDS was slightly inhibitory to the activity of the un-stimulated
communities. However this decrease in activity did not appear to affect the metabolic
diversity of the community.
In the present study, the metabolic rates of the sediment communities were higher
than the control communities. This is in agreement with results from our previous study
in which the growth of S. oneidensis MR-1 was stimulated in the presence of 20 and 50
mM CAPB (Bailey et al., In Press). Moreover, a lag in the growth of S. oneidensis MR1cultures was observed in Chapter 3 that was not observed in the present study.
However, the S. oneidensis MR-1 cultures in Chapter 3 were exposed to CAPB and any
biodegradation products for a longer period of time (96 h) compared to the sediment
communities in this study (24 h). It is possible that during the sediment incubation step
that sorption of CAPB to the sediments occurred which might have limited the
interactions of the surfactant or any biodegradation products with the microbial
communities. Future studies examining the effects of sorption of CAPB and its
degradations products to vadose zone sediments and the stimulatory effects would be
beneficial as they could alter the potential toxicity and bioavailability to subsurface
microorganisms.
A low concentration of CPS was used in this study due to precipitate formation
when CPS mixed with 1% PBS. We anticipated that CPS would inhibit the metabolic
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activity of the sediment communities in the same way that it inhibited the growth rate of
S. oneidensis MR-1. However the metabolic activities of the stimulated and unstimulated CPS treated communities were higher than the activities of the controls. Any
potential toxicity of CPS to the microbial communities may have been limited due to
sorption of the chemical to the sediment. Yet, this does not explain the increase in
metabolic activity observed in the CPS treated experiments. It is possible that the
members of the microbial communities were capable of utilizing CPS as an additional
electron acceptor.
The community from depth interval 19.66 – 20.27 was the most active across
every treatment exposure under both stimulated and un-stimulated conditions. Sediment
from depth interval 19.66 – 20.27 was chosen for the exposure tests because of the harsh
environmental conditions found at this depth in the BCCT: low moisture, circumneutral
pH, and high NO3− and Tc(VII) concentrations (Um et al., 2009). It is not surprising that
microorganisms can survive these types of conditions in the vadose zone, as Fredrickson
et al. (2004a) found viable heterotrophic bacteria in vadose zone sediment contaminated
with high-level radioactive waste. Although the idea behind FDT is to prevent further
mobilization of contaminants, the addition of surfactant solutions and CPS will increase
the moisture content of the vadose zone. Thus, increases in moisture content will likely
stimulate microbial activity. Together, this suggests that increased moisture, as well as
the addition of proposed FDT components could increase microbial activity in the
subsurface. Future studies should address how increased microbial activity will affect
contaminant plumes in the vadose zone.
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PCA of the un-stimulated controls revealed similar substrate utilization patterns.
This could be due to similar species present at each depth interval. On the other hand,
these similar patterns could be a result of different microbial communities utilizing the
same substrates at each depth. The stimulated controls from each depth separated into
different quadrants of the ordination plane indicating their distinction from each other, as
well as their un-stimulated counterparts. This supports our theory that stimulation of the
sediments yields microbial communities that are metabolically different from the unstimulated communities.
Only two control communities grouped with surfactant and/or CPS treated
communities from the same depth intervals: 12.34 – 12.95 and 19.66 – 20.27 m bgs (Fig.
5.10). This indicates similar substrate utilization patterns and suggests these
communities were able to maintain their original metabolic function despite exposure to
the surfactants and CPS. The communities from depth interval 7.62 – 8.23 m bgs did not
cluster with each other, or with any control communities (stimulated or un-stimulated)
from that depth suggesting that the metabolic functions of these communities were more
sensitive to surfactant and CPS exposure than the communities found at the other depth
intervals.
We acknowledge that the concentrations of surfactants and CPS used in this study
are not relevant for field applications and are much lower than those that will be used in
the field setting. The minimum bactericidal concentration tests in Chapter 3 provided
ranges within which these chemicals were toxic to S. oneidensis MR-1; therefore we
chose to stay within these ranges for the sediment exposures. Furthermore, using field
relevant concentrations in this study would have likely killed the microorganisms in the
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sediment communities before inoculation into the EcoPlates. When FDT is injected into
the subsurface, the concentration of the surfactants and CPS will decrease with increasing
distance from the injection site(s). Therefore it is possible that the concentrations used
here will still provide valuable insight into changes in the microbial structure and
metabolic function of subsurface environments.
5.6. Conclusions
FDT uses surfactant foams to distribute remedial chemicals to subsurface
environments. Be that as it may, the interactions between these chemicals and the
indigenous microbial community should be thoroughly addressed prior to their
application in the subsurface. In this study, the substrate utilization profiles of microbial
communities from the BCCT were examined following exposure to SDS, CAPB and
CPS. PCA of the community-level physiological profiles revealed shifts in the surfactant
and CPS treated sediments compared to the controls. Future studies should test a broader
concentration range of surfactants and CPS to assess these shifts and their impacts on the
remediation effort in the near-term or future.
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Chapter 6 Summary and Future Research
Foam delivery technology (FDT) utilizes surfactant based foams for delivery of
remedial amendments to the subsurface for in situ immobilization of contaminants.
Given the importance of soil microorganisms to ecosystem health, determining the
identity, as well as the activity of microbial communities in the subsurface prior to the
application of FDT could prove critical to treatment efficacy and remediation success.
This dissertation was divided into two phases that demonstrated the use of basic
microbiological and molecular techniques to assess the effects of proposed FDT
components on native microbial communities in the subsurface. Phase I of this research
examined the toxic and stimulatory effects of proposed FDT components on Shewanella
oneidensis MR-1 (Chapter 3). Phase II characterized microbial communities of
contaminated vadose sediment from the Hanford Site, WA (Chapter 4) and assessed the
effects of proposed FDT components on the community-level physiological profiles
(CLPP) of native microbial communities (Chapter 5). This chapter summarizes the major
results in each study and discusses future directions of the research.
The first hypothesis for this dissertation was the surfactants sodium laureth sulfate
(SLES), cocamidopropyl betaine (CAPB), sodium dodecyl sulfate (SDS) and NINOL 40CO and the remedial amendment, calcium polysulfide (CPS), would stimulate the growth
of S. oneidensis MR-1 (Chapter 3). The objective was to develop a rapid assay for using
traditional microbiological techniques to assess the effects of these chemicals on the
growth of S. oneidensis MR-1. S. oneidensis MR-1 was chosen as a surrogate organism
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for the collective microbial community of the BCCT. In this study, changes in growth
rate and cell number of S. oneidensis MR-1 were observed following exposure to varying
concentrations of the surfactants and CPS. The surfactants, SLES and SDS, exhibited
potential for growth stimulation of S. oneidensis MR-1, thus confirming the hypothesis.
The other surfactants, CAPB and NINOL 40-CO, as well as CPS, were inhibitory to the
growth S. oneidensis MR-1. To our knowledge, this is the first report that assesses
microbial responses to subsurface remedial treatments while these agents are under
development.
The second hypothesis for this research was the addition of surfactants and CPS
would alter the structure and function of native microbial communities from the vadose
zone. The objectives were to define the initial community structure of the native
microorganisms in the BC Cribs and Trenches (BCCT) and to assess the effects of SDS,
CAPB, and CPS on the metabolic potential of those communities. In Chapter 4, the
phylogenetic diversity, metabolic activity, and metabolic diversity of the communities
were assessed. 16S rRNA sequences from two boreholes in the BCCT area of the
Hanford Site were dominated by phylotypes from the Proteobacteria (Alpha-, Beta-,
Delta-, and Gammaproteobacteria) and Actinobacteridae. Principal component analysis
revealed similar metabolic profiles for most of the microbial communities from the
BCCT. Additionally, the metabolic profile of S. oneidensis MR-1 grouped together with
most of the communities indicating its suitability as a surrogate for the native
communities in the BCCT. Based on the results of the growth studies in Chapter 3, CPS
and the surfactants SDS and CAPB were chosen for the sediment exposure studies seen
in Chapter 5. Surprisingly, the metabolic activity of the communities was stimulated at
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all concentrations of surfactants and CPS when compared to the controls. Principal
component analysis of the metabolic profiles detected shifts in the microbial communities
following exposure to the chemicals. These results suggested the potential of the
surfactants and CPS to alter the microbial communities of the subsurface. This work
represents the first study to characterize the microbial communities in the BCCT of the
Hanford Site.
Together, the results of this dissertation emphasized the importance of monitoring
microbial activity at remediation sites. Microorganisms are ubiquitous and always
adapting to their environment. These adaptations could be a help or a hindrance to deep
vadose zone and other remediation efforts. Monitoring the microbial activity of
remediation sites will prove useful in determining short and long term efficacy,
compliance, and an early warning indicator of unintended changes to the subsurface.
CAPB and CPS were inhibitory to S. oneidensis MR-1; however, sediment
communities treated with these chemicals had higher metabolic activity rates than the
controls. It is possible that the toxicity of these chemicals was limited due to sorption to
sediment particles. Furthermore, any degradation products could have stimulated the
microbial communities which may have caused the increased metabolic rates.
Investigations into the sorption of these chemicals to sediment and the identity of their
degradation products should be carried out to determine the cause of the higher activity
rates observed in this study.
The experiments in Chapters 4 and 5 only addressed the viable aerobic,
heterotrophic microbial community of the BCCT. The vadose zone is considered an
aerobic environment; but stimulation of aerobic microorganisms with proposed FDT
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components will deplete O2 at depth at a faster rate than the rate of diffusion of O2 into
the vadose zone, thereby creating zones of anoxia. Future studies should examine the
metabolic activity and diversity of the anaerobic community in the BCCT area following
exposure to the surfactants and CPS.
In order to survive harsh environments, such as heavy metal or radionuclide
contamination, microorganisms must alter their gene expression and protein activity. S.
oneidensis MR-1 has been shown capable of reducing various heavy metals and
radionuclides and its gene expression under such conditions has been thoroughly studied.
The results from Chapter 3 indicated that S. oneidensis MR-1 could use some of the
surfactants as growth substrates. Therefore, it is possible that these surfactants could also
be used by this bacterium as electron donors for heavy metal and radionuclide reduction.
Furthermore, the potential genes and/or enzymes involved in these reactions should be
explored as well.
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Appendix A Buffers and Bacterial Growth Media
A.1. M1 Media

Chemical

Final conc.

PIPES
NaOH
NH4Cl
KCl
NaH2PO4
NaCl
Minerals (100X stock)
Vitamins (300X stock)
Amino Acids (100X stock)
Water

30 mM
7.5 mM
28.04 mM
1.34 mM
4.35 mM
30 mM
10 mL/L
10 mL/L
10 mL/L

1X
1L batch (g or ml)
9.07
1.70
1.50
0.10
0.60
1.75
10.00
3.33
10.00
Vf = 1000 ml

2X
1L batch (g or
mL)
18.14
3.40
3.00
0.20
1.20
3.51
20.00
6.66
20.00
Vf = 1000 ml

*Adjust pH to 7.2 w/ 10 M NaOH.
*Filter-sterilize then add Fe and Se solutions

for 2X M-1 media:
Add 1.0 ml/L 100 uM Fe-NTA stock
Add 2.0 ml/L of 1 g/L Na2SeO4 stock

*Before use, make a 1:1 dilution of the 2X M1 stock, add 20 mM lactate (optional) and
autoclave.

A.2. Mineral Mix
Chemical
g/L
Chemical
g/L
NTA
1.5
ZnCl2
0.13
MgSO4∙7 H2O
3.0
CuSO4∙5H2O
0.01
MnSO4∙ H2O
0.5
AlK(SO4)2∙12H2O 0.01
NaCl
1.0
H3BO3
0.01
FeSO4∙7H2O
0.1
Na2MoO4∙2H2O
0.025
CaCl2∙2H2O
0.1
NiCl2∙6H2O
0.025
CoCl2∙6H2O
0.1
Na2WO4∙2H2O
0.025
*After adding NTA, adjust pH to 8-8.5 with 10 N NaOH to dissolve NTA.
Allow each ingredient to dissolve completely before adding the next. Do NOT adjust the
pH to 7.0.
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A.3. Vitamin Mix (300X)
Chemical
biotin
folic acid
pyridoxine HCl
riboflavin
thiamine
nicotinic acid
pantothenic acid
B-12
p-aminobenzoic acid
thioctic acid
Adjust the pH to 7.0

g/L
0.6
0.6
3
1.5
1.5
1.5
1.5
0.03
1.5
1.5

A.4. Amino Acid Mix (100X)
Chemical
L-glutamic acid
L-arginine *HCl
D-L- Serine
Adjust the pH to 7.0

g/L
0.2
0.2
0.2

A.5. 20% Tryptic Soy Broth (TSB)
5.5 TSB
1 L DI H2O
A.6. 10X PBS
80 g NaCl
2 g KCl
14.4 g Na2HPO4
2.4 g KH2PO4
700 mL Milli-Q H2O
Adjust pH to 7.4 with HCl.
Bring to final volume of 1 L with DEPC-treated H20. Autoclave.
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A.7. 1 M Tris-HCl
121.1 g
Tris base
700 mL DEPC-treated H2O
Adjust pH to 8.0 with HCl.
Bring to final volume of 1 L with DEPC-treated H20. Autoclave.
A.8. 0.5 M EDTA
186.1 g EDTA disodium salt
700 mL DEPC-treated H2O
Adjust pH to 8.0 with 10 N NaOH.
Bring to final volume of 1 L with DEPC-treated H20. Autoclave.
A.9. TE Buffer, pH 8.0
1.5 mL of 1 M Tris-HCl (30 mM)
0.1 mL of 0.5 M EDTA (1 mM)
Bring to final volume of 50 mL with DEPC-treated H2O.
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Appendix B Protocols
B.1. BIOLOG Assays
The following procedure is for a community-level physiological profiling of
either sediment or broth samples using a BIOLOG EcoPlate. The EcoPlate has 31 of the
most useful carbon sources for microbial communities. Select either the sediment or the
broth instructions depending on type of sample, then dilute as instructed.
B.1.1. Sediment Samples
1.
2.
3.
4.

Add ~5 g sediment to a 50 mL conical centrifuge tube.
Add 10 mL 1% PBS to centrifuge tube.
Shake for 10 minutes on vortex at highest setting.
Continue to Dilution instructions.

B.1.2. Broth Samples
1. Pour broth culture into 50 mL conical centrifuge tube.
2. Centrifuge at maximum rpm (3570 x g) for 3 minutes. Remember to have a blank
centrifuge tube filled with DIW to the same level as sample tube on the opposite
side to balance the centrifuge.
3. Decant supernatant broth, avoiding the pellet. The pellet contains the microbes.
4. Add 10 mL 1% PBS to centrifuge tube.
5. Vortex for 1 minute. This solution is now “stock solution”
6. Continue to Dilution instructions.
B.1.3. Dilution
1.
2.
3.
4.
5.
6.

Label three centrifuge tubes “1:10”, “1:100” and “1:1000”.
To each of the three tubes add 9 mL of 1% PBS.
To the “1:10” tube, add 1 mL of stock solution and vortex for a few seconds.
Add 1 mL of “1:10” solution to the “1:100” tube and vortex.
Add 1 mL of “1:100” solution to “1:1000” tube and vortex.
Solution should now be clear and ready to fill the BIOLOG EcoPlate.
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B.1.4. Filling Ecoplate
Add 100 μL of 1% PBS to wells A1, A5 and A9. These are the blank wells. Fill
the rest of the wells with 100 μL of solution prepared as instructed above.
B.2. Standard Curve for S. oneidensis MR-1 Growth
A standard curve for S. oneidensis MR-1 growth was obtained via optical density
measurements and viable plate counts for 96 h (see Appendix C for data). The CFU/mL
were plotted vs. the optical density and a line was fitted to the data.

Figure B1. Standard curve for S. oneidensis MR-1 growth.
The equation for the line was
y= 1E+23x12.485
R2= 0.9095
where is x = optical density value. The optical density readings for all treatments were
plugged into this equation to obtain the CFU/mL.
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Table C1. Standard curve for S. oneidensis MR-1
OD
Time

CFU/mL

A

B

C

1

2

3

Avg

A

B

C

0

0.029

0.036

0.036

0.036

0.036

0.029

0.033667

2.26E+06

1.00E+06

5.90E+06

N/A

N/A

N/A

3.05E+06

8

0.186

0.185

0.028

0.116

0.118

0.085

0.119667

1.90E+07

1.00E+08

9.60E+08

2.92E+09

2.60E+08

6.60E+08

8.20E+08

24

0.26

0.245

0.03

0.211

0.194

0.229

0.194833

1.00E+12

1.00E+14

1.00E+14

1.00E+14

1.00E+14

1.00E+14

8.02E+13

48

0.526

0.448

0.24

0.454

0.389

0.504

0.426833

1.20E+20

1.20E+20

1.20E+20

2.80E+20

1.00E+20

1.00E+20

1.40E+20

72

0.49

0.517

0.506

0.528

0.525

0.517

0.513833

1.71E+15

1.00E+16

1.30E+15

2.74E+21

1.00E+21

1.05E+21

7.98E+20

96

0.31

0.417

0.631

0.376

0.405

0.331

0.411667

3.00E+15

5.70E+17

1.00E+17

N/A

N/A

N/A

2.24E+17

C/C°
Time

1

2

3

Avg

Stdev

0

7.40E-01

3.28E-01

1.93E+00

1.00E+00

8.33E-01

8

6.22E+00

3.28E+01

3.14E+02

1.18E+02

1.71E+02

24

3.28E+05

3.28E+07

3.28E+07

2.19E+07

1.87E+07

48

3.93E+13

3.93E+13

3.93E+13

3.93E+13

5.24E+05

72

5.60E+08

3.28E+09

8.97E+14

2.99E+14

5.18E+14

96

9.83E+08

1.87E+11

3.28E+10

7.35E+10

9.93E+10
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Table C2. Un-stimulated S. oneidensis MR-1 growth (unamended)
Absorbance
Time
UControl

CFU/mL

C/C°

1

2

3

1

2

3

Avg

1

2

3

Avg

Stdev

0

0.037

0.038

0.038

1.33E+05

1.86E+05

1.86E+05

1.68E+05

7.92E-01

1.10E+00

1.10E+00

1.00E+00

1.81E-01

8

0.094

0.043

0.12

1.51E+10

8.69E+05

3.19E+11

1.11E+11

8.99E+04

5.17E+00

1.90E+06

6.62E+05

1.07E+06

24

0.102

0.038

0.101

4.19E+10

1.86E+05

3.71E+10

2.63E+10

2.49E+05

1.10E+00

2.21E+05

1.57E+05

1.36E+05

48

0.093

0.06

0.098

1.32E+10

5.56E+07

2.54E+10

1.29E+10

7.87E+04

3.31E+02

1.51E+05

7.68E+04

7.55E+04

72

0.076

0.054

0.07

1.06E+09

1.49E+07

3.81E+08

4.87E+08

6.33E+03

8.88E+01

2.27E+03

2.90E+03

3.17E+03

96

0.061

0.044

0.054

6.84E+07

1.16E+06

1.49E+07

2.81E+07

4.07E+02

6.89E+00

8.88E+01

1.67E+02

2.11E+02
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Table C3. Un-stimulated S. oneidensis MR-1 growth amended with SDS

U20
µM

U50
µM

Absorbance
2
0.03
0.109
0.104
0.066
0.054
0.032

Time
0
8
24
48
72
96

1
0.027
0.113
0.118
0.116
0.074
0.042

Time
0
8
24
48
72
96

Absorbance
1
2
0.032
0.031
0.137
0.139
0.123
0.134
0.12
0.127
0.094
0.093
0.056
0.056

3
0.042
0.114
0.116
0.011
0.086
0.061

1
2.60E+03
1.51E+11
2.58E+11
2.09E+11
7.63E+08
6.48E+05

U100
µM

1
0.033
0.142
0.131
0.128
0.095
0.07

2
0.031
0.129
0.115
0.114
0.1
0.066

Avg
2.20E+05
1.38E+11
1.74E+11
1.04E+11
1.92E+09
2.30E+07

1
1.18E-02
6.84E+05
1.18E+06
9.49E+05
3.47E+03
2.94E+00

2
4.41E-02
4.36E+05
2.43E+05
8.31E+02
6.79E+01
9.87E-02

C/C°
3
2.94E+00
7.64E+05
9.49E+05
2.55E-13
2.26E+04
3.11E+02

Avg
1.00E+00
6.28E+05
7.89E+05
4.75E+05
8.73E+03
1.05E+02

Stdev
1.68E+00
1.71E+05
4.86E+05
6.71E+05
1.22E+04
1.79E+02

2
7.55E-01
1.03E+08
6.54E+07
3.34E+07
6.84E+05
1.21E+03

C/C°
3
1.12E+00
2.24E+07
2.24E+07
4.42E+06
1.49E+06
2.87E+03

Avg
1.00E+00
7.06E+07
3.67E+07
1.81E+07
9.86E+05
1.77E+03

Stdev
2.12E-01
4.26E+07
2.48E+07
1.46E+07
4.41E+05
9.58E+02

Avg
1.00E+00
3.64E+07
1.08E+07
8.56E+06
8.13E+05
5.39E+03

Stdev
7.01E-01
2.85E+07
1.27E+07
9.06E+06
3.31E+05
4.49E+03

CFU/mL
3
0.032
0.123
0.123
0.108
0.099
0.06

1
2.17E+04
1.67E+12
4.34E+11
3.19E+11
1.51E+10
2.35E+07

Absorbance
Time
0
8
24
48
72
96

CFU/mL
2
3
9.70E+03 6.48E+05
9.60E+10 1.68E+11
5.34E+10 2.09E+11
1.83E+08 3.52E-02
1.49E+07 4.98E+09
2.17E+04 6.84E+07

2
1.46E+04
2.00E+12
1.26E+12
6.47E+11
1.32E+10
2.35E+07

3
2.17E+04
4.34E+11
4.34E+11
8.56E+10
2.89E+10
5.56E+07

Avg
1.93E+04
1.37E+12
7.11E+11
3.51E+11
1.91E+10
3.42E+07

1
1.12E+00
8.62E+07
2.24E+07
1.65E+07
7.81E+05
1.21E+03

CFU/mL
3
0.035
0.128
0.107
0.108
0.102
0.059

1
3.19E+04
2.61E+12
9.53E+11
7.14E+11
1.73E+10
3.81E+08

2
1.46E+04
7.87E+11
1.87E+11
1.68E+11
3.27E+10
1.83E+08

C/C°

3
6.65E+04
7.14E+11
7.62E+10
8.56E+10
4.19E+10
4.51E+07

Avg
3.77E+04
1.37E+12
4.06E+11
3.22E+11
3.06E+10
2.03E+08

1
8.47E-01
6.93E+07
2.53E+07
1.90E+07
4.58E+05
1.01E+04

2
3.88E-01
2.09E+07
4.98E+06
4.46E+06
8.69E+05
4.85E+03

*Gray boxes: these values were not used in the calculation of the average or standard deviation
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1.77E+00
1.90E+07
2.02E+06
2.27E+06
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1.20E+03
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Table C3. (Continued)
Absorbance
Time
U250
µM

CFU/mL

1

2

3

1

2

3

Avg

1

2

3

Avg

Stdev

0

0.027

0.035

0.033

2.60E+03

6.65E+04

3.19E+04

3.37E+04

7.74E-02

1.98E+00

9.47E-01

1.00E+00

9.50E-01

8

0.174

0.16

0.174

3.30E+13

1.16E+13

3.30E+13

2.58E+13

9.80E+08

3.44E+08

9.80E+08

7.68E+08

3.67E+08

24

0.172

0.224

0.172

2.85E+13

7.72E+14

2.85E+13

2.77E+14

8.48E+08

2.29E+10

8.48E+08

8.22E+09

1.28E+10

48

0.2

0.154

0.15

1.88E+14

7.18E+12

5.17E+12

6.67E+13

5.58E+09

2.13E+08

1.54E+08

1.98E+09

3.11E+09

72

0.134

0.105

0.158

1.26E+12

6.02E+10

9.89E+12

3.74E+12

3.76E+07

1.79E+06

2.94E+08

1.11E+08

1.59E+08

96

0.11

0.076

0.087

1.08E+11

1.06E+09

5.75E+09

3.81E+10

3.20E+06

3.16E+04

1.71E+05

1.13E+06

1.79E+06

Absorbance
Time
U500
µM

C/C°

CFU/mL

C/C°

1

2

3

1

2

3

Avg

1

2

3

Avg

Stdev

0

0.035

0.026

0.037

6.65E+04

1.63E+03

1.33E+05

6.71E+04

9.91E-01

2.42E-02

1.98E+00

1.00E+00

9.80E-01

8

0.05

0.12

0.11

5.71E+06

3.19E+11

1.08E+11

1.42E+11

8.52E+01

4.76E+06

1.60E+06

2.12E+06

2.42E+06

24

0.253

0.223

0.208

3.53E+15

7.30E+14

3.06E+14

1.52E+15

5.27E+10

1.09E+10

4.57E+09

2.27E+10

2.61E+10

48

0.245

0.145

0.205

2.36E+15

3.39E+12

2.55E+14

8.74E+14

3.53E+10

5.05E+07

3.81E+09

1.30E+10

1.93E+10

72

0.201

0.196

0.14

2.00E+14

1.46E+14

2.18E+12

1.16E+14

2.98E+09

2.17E+09

3.26E+07

1.73E+09

1.52E+09

96

0.129

0.111

0.101

7.87E+11

1.20E+11

3.71E+10

3.15E+11

1.17E+07

1.80E+06

5.53E+05

4.69E+06

6.13E+06
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Table C4. Stimulated S. oneidensis MR-1 growth data amended with SDS

S20
µM

S50
µM

S100
µM

Time
0
8
24
48
72
96

1
0.035
0.233
0.306
0.533
0.466
0.293

Absorbance
2
0.037
0.24
0.327
0.552
0.468
0.283

3
0.036
0.203
0.267
0.43
0.483
0.387

1
6.65E+04
1.26E+15
3.80E+16
3.87E+19
7.24E+18
2.21E+16

CFU/mL
2
3
1.33E+05 9.45E+04
1.83E+15 2.26E+14
8.69E+16 6.92E+15
6.00E+19 2.65E+18
7.64E+18 1.13E+19
1.43E+16 7.12E+17

Avg
9.80E+04
1.11E+15
4.39E+16
3.38E+19
8.74E+18
2.50E+17

1
6.78E-01
1.29E+10
3.87E+11
3.95E+14
7.39E+13
2.25E+11

2
1.36E+00
1.86E+10
8.87E+11
6.12E+14
7.79E+13
1.46E+11

C/C°
3
9.64E-01
2.31E+09
7.06E+10
2.71E+13
1.16E+14
7.27E+12

Avg
1.00E+00
1.13E+10
4.48E+11
3.45E+14
8.91E+13
2.55E+12

Stdev
3.41E-01
8.29E+09
4.12E+11
2.96E+14
2.30E+13
4.09E+12

Time
0
8
24
48
72
96

1
0.034
0.215
0.253
0.41
0.502
0.396

Absorbance
2
0.036
0.186
0.244
0.38
0.513
0.428

3
0.036
0.227
0.318
0.535
0.479
0.292

1
4.63E+04
4.63E+14
3.53E+15
1.46E+18
1.83E+19
9.49E+17

CFU/mL
2
3
9.45E+04 9.45E+04
7.58E+13 9.12E+14
2.25E+15 6.13E+16
5.67E+17 4.06E+19
2.40E+19 1.02E+19
2.50E+18 2.11E+16

Avg
7.84E+04
4.84E+14
2.24E+16
1.42E+19
1.75E+19
1.16E+18

1
5.90E-01
5.90E+09
4.50E+10
1.87E+13
2.34E+14
1.21E+13

2
1.20E+00
9.67E+08
2.86E+10
7.23E+12
3.06E+14
3.19E+13

C/C°
3
1.20E+00
1.16E+10
7.82E+11
5.18E+14
1.30E+14
2.70E+11

Avg
1.00E+00
6.17E+09
2.85E+11
1.81E+14
2.23E+14
1.48E+13

Stdev
3.55E-01
5.34E+09
4.30E+11
2.91E+14
8.86E+13
1.60E+13

Time
0
8
24
48
72
96

1
0.034
0.192
0.306
0.513
0.589
0.483

Absorbance
2
0.035
0.2
0.311
0.543
0.58
0.39

3
0.039
0.176
0.233
0.446
0.278
0.557

1
4.63E+04
1.13E+14
3.80E+16
2.40E+19
1.35E+20
1.13E+19

CFU/mL
2
3
6.65E+04 2.57E+05
1.88E+14 3.80E+13
4.65E+16 1.26E+15
4.89E+19 4.19E+18
1.11E+20 1.15E+16
7.84E+17 6.71E+19

Avg
1.23E+05
1.13E+14
2.86E+16
2.57E+19
8.20E+19
2.64E+19

1
3.76E-01
9.15E+08
3.08E+11
1.95E+14
1.10E+15
9.20E+13

2
5.40E-01
1.52E+09
3.77E+11
3.97E+14
9.03E+14
6.37E+12

C/C°
3
2.08E+00
3.09E+08
1.03E+10
3.40E+13
9.30E+10
5.45E+14

Avg
1.00E+00
9.16E+08
2.32E+11
2.09E+14
6.66E+14
2.14E+14

Stdev
9.43E-01
6.07E+08
1.95E+11
1.82E+14
5.85E+14
2.90E+14
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Table C4. (Continued)
Absorbance
Time
S250
µM

1

CFU/mL

2

3

1

2

3

Avg

1

2

3

Avg

Stdev

0

0.028

0.03

0.02

4.10E+03

9.70E+03

6.14E+01

4.62E+03

8.87E-01

2.10E+00

1.33E-02

1.00E+00

1.05E+00

8

0.148

0.143

0.19

4.37E+12

2.85E+12

9.89E+13

3.54E+13

9.46E+08

6.16E+08

2.14E+10

7.66E+09

1.19E+10

24

0.274

0.265

0.307

9.56E+15

6.30E+15

3.95E+16

1.85E+16

2.07E+12

1.36E+12

8.55E+12

4.00E+12

3.96E+12

48

0.488

0.535

0.706

1.29E+19

4.06E+19

1.30E+21

4.50E+20

2.79E+15

8.79E+15

2.80E+17

9.73E+16

1.59E+17

72

0.592

0.659

0.568

1.44E+20

5.48E+20

8.57E+19

2.59E+20

3.11E+16

1.19E+17

1.85E+16

5.61E+16

5.45E+16

96

0.511

0.485

0.381

2.29E+19

1.19E+19

5.86E+17

1.18E+19

4.95E+15

2.58E+15

1.27E+14

2.55E+15

2.41E+15

3

1

2

3

Avg

1

2

3

Avg

Stdev

Absorbance
Time
S500
µM

C/C°

CFU/mL

C/C°

1

2

0

0.03

0.03

0.021

9.70E+03

9.70E+03

1.13E+02

6.51E+03

1.49E+00

1.49E+00

1.74E-02

1.00E+00

8.51E-01

8

0.169

0.141

0.149

2.29E+13

2.39E+12

4.76E+12

1.00E+13

3.52E+09

3.67E+08

7.31E+08

1.54E+09

1.73E+09

24

0.295

0.272

0.334

2.40E+16

8.72E+15

1.13E+17

4.87E+16

3.69E+12

1.34E+12

1.74E+13

7.48E+12

8.68E+12

48

0.635

0.489

0.667

3.45E+20

1.32E+19

6.37E+20

3.32E+20

5.30E+16

2.03E+15

9.79E+16

5.10E+16

4.80E+16

72

0.653

0.641

0.641

4.89E+20

3.88E+20

3.88E+20

4.21E+20

7.51E+16

5.96E+16

5.96E+16

6.48E+16

8.97E+15

96

0.458

0.484

0.425

5.83E+18

1.16E+19

2.29E+18

6.58E+18

8.97E+14

1.79E+15

3.52E+14

1.01E+15

7.24E+14
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Table C5. Un-stimulated S. oneidensis MR-1 growth amended with CAPB

U20
mM

U50
mM

U100
mM

Time
0
8
24
48
72
96

1
0.037
0.089
0.071
0.054
0.038
0.034

Absorbance
2
0.041
0.094
0.069
0.056
0.041
0.046

3
0.056
0.095
0.076
0.055
0.052
0.052

1
1.33E+05
7.64E+09
4.55E+08
1.49E+07
1.86E+05
4.63E+04

CFU/mL
2
3
4.79E+05 2.35E+07
1.51E+10 1.73E+10
3.18E+08 1.06E+09
2.35E+07 1.88E+07
4.79E+05 9.32E+06
2.02E+06 9.32E+06

Avg
8.04E+06
1.33E+10
6.12E+08
1.91E+07
3.33E+06
3.79E+06

1
1.66E-02
9.51E+02
5.66E+01
1.86E+00
2.31E-02
5.76E-03

2
5.96E-02
1.88E+03
3.96E+01
2.92E+00
5.96E-02
2.51E-01

C/C°
3
2.92E+00
2.15E+03
1.32E+02
2.33E+00
1.16E+00
1.16E+00

Avg
1.00E+00
1.66E+03
7.62E+01
2.37E+00
4.14E-01
4.72E-01

Stdev
1.67E+00
6.28E+02
4.94E+01
5.34E-01
6.46E-01
6.08E-01

Time
0
8
24
48
72
96

1
0.039
0.071
0.057
0.041
0.033
0.039

Absorbance
2
3
0.036
0.041
0.068
0.065
0.056
0.04
0.038
0.03
0.043
0.038
0.033
0.04

1
2.57E+05
4.55E+08
2.93E+07
4.79E+05
3.19E+04
2.57E+05

CFU/mL
2
3
9.45E+04 4.79E+05
2.65E+08 1.51E+08
2.35E+07 3.52E+05
1.86E+05 9.70E+03
8.69E+05 1.86E+05
3.19E+04 3.52E+05

Avg
2.77E+05
2.90E+08
1.77E+07
2.25E+05
3.62E+05
2.14E+05

1
9.27E-01
1.64E+03
1.06E+02
1.73E+00
1.15E-01
9.27E-01

2
3.41E-01
9.59E+02
8.49E+01
6.70E-01
3.14E+00
1.15E-01

C/C°
3
1.73E+00
5.46E+02
1.27E+00
3.50E-02
6.70E-01
1.27E+00

Avg
1.00E+00
1.05E+03
6.40E+01
8.12E-01
1.31E+00
7.72E-01

Stdev
6.98E-01
5.54E+02
5.53E+01
8.57E-01
1.61E+00
5.94E-01

Time
0
8
24
48
72
96

1
0.035
0.016
0.056
0.038
0.03
0.03

Absorbance
2
0.033
0.014
0.039
0.052
0.037
0.027

1
6.65E+04
3.79E+00
2.35E+07
1.86E+05
9.70E+03
9.70E+03

CFU/mL
2
3
3.19E+04 1.53E+06
7.15E-01 3.79E+00
2.57E+05 9.96E+02
9.32E+06 4.44E+06
1.33E+05 1.33E+05
2.60E+03 4.10E+03

Avg
5.44E+05
2.76E+00
7.92E+06
4.65E+06
9.19E+04
5.47E+03

1
1.22E-01
6.97E-06
4.32E+01
3.41E-01
1.78E-02
1.78E-02

2
5.87E-02
1.32E-06
4.72E-01
1.71E+01
2.45E-01
4.79E-03

C/C°
3
2.82E+00
6.97E-06
1.83E-03
8.16E+00
2.45E-01
7.54E-03

Avg
1.00E+00
5.08E-06
1.46E+01
8.55E+00
1.69E-01
1.01E-02

Stdev
1.58E+00
3.26E-06
2.48E+01
8.41E+00
1.31E-01
6.88E-03

3
0.045
0.016
0.025
0.049
0.037
0.028
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Table C6. Stimulated S. oneidensis MR-1 growth amended with CAPB

S20
mM

S50
mM

S100
mM

Time
0
8
24
48
72
96

1
0.027
0.055
0.059
0.123
0.105
0.123

Absorbance
2
0.026
0.058
0.056
0.153
0.155
0.103

3
0.028
0.056
0.053
0.047
0.073
0.113

1
2.60E+03
1.88E+07
4.51E+07
4.34E+11
6.02E+10
4.34E+11

CFU/mL
2
3
1.63E+03 4.10E+03
3.64E+07 2.35E+07
2.35E+07 1.18E+07
6.62E+12 2.64E+06
7.79E+12 6.44E+08
4.73E+10 1.51E+11

Avg
2.78E+03
2.62E+07
2.68E+07
2.35E+12
2.62E+12
2.11E+11

1
9.38E-01
6.76E+03
1.62E+04
1.56E+08
2.17E+07
1.56E+08

2
5.85E-01
1.31E+04
8.47E+03
2.38E+09
2.80E+09
1.71E+07

C/C°
3
1.48E+00
8.47E+03
4.26E+03
9.50E+02
2.32E+05
5.42E+07

Avg
1.00E+00
9.45E+03
9.65E+03
8.47E+08
9.42E+08
7.59E+07

Stdev
4.49E-01
3.29E+03
6.08E+03
1.33E+09
1.61E+09
7.21E+07

Time
0
8
24
48
72
96

1
0.024
0.048
0.044
0.086
0.053
0.097

Absorbance
2
0.023
0.042
0.036
0.041
0.077
0.088

3
0.023
0.039
0.035
0.075
0.065
0.104

1
5.98E+02
3.43E+06
1.16E+06
4.98E+09
1.18E+07
2.24E+10

CFU/mL
2
3
3.52E+02 3.52E+02
6.48E+05 2.57E+05
9.45E+04 6.65E+04
4.79E+05 9.02E+08
1.25E+09 1.51E+08
6.64E+09 5.34E+10

Avg
4.34E+02
1.44E+06
4.39E+05
1.96E+09
4.72E+08
2.75E+10

1
1.38E+00
7.90E+03
2.67E+03
1.15E+07
2.72E+04
5.16E+07

2
8.11E-01
1.49E+03
2.18E+02
1.10E+03
2.89E+06
1.53E+07

C/C°
3
8.11E-01
5.92E+02
1.53E+02
2.08E+06
3.48E+05
1.23E+08

Avg
1.00E+00
3.33E+03
1.01E+03
4.52E+06
1.09E+06
6.33E+07

Stdev
3.28E-01
3.99E+03
1.43E+03
6.11E+06
1.57E+06
5.49E+07

Time
0
8
24
48
72
96

1
0.023
0.013
0.037
0.034
0.032
0.049

Absorbance
2
0.021
0.007
0.007
0.01
0.007
0.007

3
0.022
0.009
0.009
0.009
0.01
0.007

1
3.52E+02
2.84E-01
1.33E+05
4.63E+04
2.17E+04
4.44E+06

CFU/mL
2
3
1.13E+02 2.02E+02
1.25E-04 2.88E-03
1.25E-04 2.88E-03
1.07E-02 2.88E-03
1.25E-04 1.07E-02
1.25E-04 1.25E-04

Avg
2.22E+02
9.55E-02
4.43E+04
1.54E+04
7.24E+03
1.48E+06

1
1.58E+00
1.28E-03
5.99E+02
2.08E+02
9.77E+01
2.00E+04

2
5.08E-01
5.61E-07
5.61E-07
4.82E-05
5.61E-07
5.61E-07

C/C°
3
9.09E-01
1.29E-05
1.29E-05
1.29E-05
4.82E-05
5.61E-07

Avg
1.00E+00
4.30E-04
2.00E+02
6.95E+01
3.26E+01
6.66E+03

Stdev
5.43E-01
7.33E-04
3.46E+02
1.20E+02
5.64E+01
1.15E+04
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Table C7. Un-stimulated S. oneidensis MR-1 growth amended with CPS

0
8
24
48
72
96

1
6.30E+05
1.58E+08
1.00E+08
4.80E+08
4.60E+06
2.50E+07

CFU/mL
2
3
6.10E+04 4.90E+05
1.00E+07 1.74E+08
1.21E+07 1.52E+07
5.40E+07 1.20E+08
4.80E+07 1.00E+08
5.80E+07 2.40E+07

Avg
3.94E+05
1.14E+08
4.24E+07
2.18E+08
5.09E+07
3.57E+07

1
1.60E+00
4.01E+02
2.54E+02
1.22E+03
1.17E+01
6.35E+01

2
1.55E-01
2.54E+01
3.07E+01
1.37E+02
1.22E+02
1.47E+02

C/C°
3
1.24E+00
4.42E+02
3.86E+01
3.05E+02
2.54E+02
6.10E+01

Avg
1.00E+00
2.90E+02
1.08E+02
5.54E+02
1.29E+02
9.06E+01

Stdev
7.53E-01
2.30E+02
1.27E+02
5.82E+02
1.21E+02
4.91E+01

0
8
24
48
72
96

1
1.65E+05
1.53E+06
8.90E+06
1.60E+08
9.50E+04
8.00E+05

CFU/mL
2
3
6.80E+04 2.22E+07
8.20E+05 1.24E+05
1.00E+06 3.40E+06
3.50E+06 1.60E+08
5.00E+05 3.30E+07
1.42E+05 6.20E+04

Avg
7.48E+06
8.25E+05
4.43E+06
1.08E+08
1.12E+07
3.35E+05

1
2.21E-02
2.05E-01
1.19E+00
2.14E+01
1.27E-02
1.07E-01

2
9.09E-03
1.10E-01
1.34E-01
4.68E-01
6.69E-02
1.90E-02

C/C°
3
2.97E+00
1.66E-02
4.55E-01
2.14E+01
4.41E+00
8.29E-03

Avg
1.00E+00
1.10E-01
5.93E-01
1.44E+01
1.50E+00
4.48E-02

Stdev
1.71E+00
9.40E-02
5.42E-01
1.21E+01
2.53E+00
5.42E-02

0
8
24
48
72
96

1
9.10E+04
9.10E+02
5.70E+05
1.29E+06
3.80E+05
3.40E+05

CFU/mL
2
3
3.60E+04 3.10E+04
1.09E+03 9.30E+02
1.52E+06 1.21E+07
1.42E+07 1.70E+07
1.25E+06 3.00E+06
3.20E+04 7.20E+04

Avg
5.27E+04
9.77E+02
4.73E+06
1.08E+07
1.54E+06
1.48E+05

1
1.73E+00
1.73E-02
1.08E+01
2.45E+01
7.22E+00
6.46E+00

2
6.84E-01
2.07E-02
2.89E+01
2.70E+02
2.37E+01
6.08E-01

C/C°
3
5.89E-01
1.77E-02
2.30E+02
3.23E+02
5.70E+01
1.37E+00

Avg
1.00E+00
1.85E-02
8.98E+01
2.06E+02
2.93E+01
2.81E+00

Stdev
6.32E-01
1.87E-03
1.22E+02
1.59E+02
2.53E+01
3.18E+00

Time
U-1.45
mM

Time
U-2.9
mM

Time
U-7.25
mM
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Table C8. Stimulated S. oneidensis MR-1 growth amended with CPS

S-1.45
mM

S-2.9
mM

S-7.25
mM

Time
0
8
24
48
72
96

1
1.06E+03
7.80E+06
6.10E+08
1.68E+09
1.00E+12
1.85E+10

CFU/mL
2
3
1.39E+03 3.80E+03
1.19E+07 1.00E+00
9.40E+08 1.05E+07
1.30E+09 1.68E+09
1.05E+10 7.20E+10
3.70E+11 3.93E+10

Avg
2.08E+03
9.85E+06
5.20E+08
1.55E+09
3.61E+11
1.43E+11

1
5.09E-01
3.74E+03
2.93E+05
8.06E+05
4.80E+08
8.88E+06

2
6.67E-01
5.71E+03
4.51E+05
6.24E+05
5.04E+06
1.78E+08

C/C°
3
1.82E+00
4.80E-04
5.04E+03
8.06E+05
3.46E+07
1.89E+07

Avg
1.00E+00
4.73E+03
2.50E+05
7.46E+05
1.73E+08
6.85E+07

Stdev
7.18E-01
1.39E+03
2.26E+05
1.05E+05
2.66E+08
9.47E+07

Time
0
8
24
48
72
96

1
4.50E+04
5.10E+07
1.00E+10
1.00E+12
1.04E+14
1.00E+13

CFU/mL
2
3
1.19E+05 1.24E+05
1.53E+05 2.60E+07
7.70E+08 1.03E+09
1.00E+12 4.00E+09
1.00E+13 1.00E+00
1.74E+12 1.34E+13

Avg
9.60E+04
2.57E+07
3.93E+09
6.68E+11
5.70E+13
8.38E+12

1
4.69E-01
5.31E+02
1.04E+05
1.04E+07
1.08E+09
1.04E+08

2
1.24E+00
1.59E+00
8.02E+03
1.04E+07
1.04E+08
1.81E+07

C/C°
3
1.29E+00
2.71E+02
1.07E+04
4.17E+04
1.04E-05
1.40E+08

Avg
1.00E+00
2.68E+02
4.10E+04
6.96E+06
5.94E+08
8.73E+07

Stdev
4.61E-01
2.65E+02
5.47E+04
5.99E+06
6.92E+08
6.25E+07

Time
0
8
24
48
72
96

1
8.70E+04
7.90E+03
9.80E+07
1.56E+11
8.10E+11
1.26E+13

CFU/mL
2
3
2.20E+04 3.00E+04
7.30E+03 8.10E+03
1.00E+08 1.09E+08
5.10E+10 5.90E+10
4.50E+11 9.60E+10
3.20E+13 1.37E+14

Avg
4.63E+04
7.77E+03
1.02E+08
8.87E+10
4.52E+11
6.05E+13

1
1.88E+00
1.71E-01
2.12E+03
3.37E+06
1.75E+07
2.72E+08

2
4.75E-01
1.58E-01
2.16E+03
1.10E+06
9.71E+06
6.91E+08

C/C°
3
6.47E-01
1.75E-01
2.35E+03
1.27E+06
2.07E+06
2.96E+09

Avg
1.00E+00
1.68E-01
2.21E+03
1.91E+06
9.76E+06
1.31E+09

Stdev
7.65E-01
8.99E-03
1.26E+02
1.26E+06
7.71E+06
1.44E+09

*Gray boxes: these values were not used in the calculation of the average or standard deviation
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Table C9. Un-stimulated S. oneidensis MR-1 growth amended with NINOL 40-CO

U-0.37
mM

U-3.7
mM

U-18.5
mM

Time
0
8
24
48
72
96

1
3.10E+07
2.50E+06
5.60E+09
6.00E+07
6.20E+06
9.70E+06

CFU/mL
2
3
8.20E+07 3.00E+07
1.33E+08 8.50E+06
4.50E+08 1.15E+09
7.70E+07 8.60E+07
1.65E+08 7.20E+06
1.01E+07 9.10E+06

Avg
4.77E+07
4.80E+07
2.40E+09
7.43E+07
5.95E+07
9.63E+06

1
6.50E-01
5.24E-02
1.17E+02
1.26E+00
1.30E-01
2.03E-01

2
1.72E+00
2.79E+00
9.44E+00
1.62E+00
3.46E+00
2.12E-01

C/C°
3
6.29E-01
1.78E-01
2.41E+01
1.80E+00
1.51E-01
1.91E-01

Avg
1.00E+00
1.01E+00
5.03E+01
1.56E+00
1.25E+00
2.02E-01

Stdev
6.24E-01
1.55E+00
5.86E+01
2.77E-01
1.92E+00
1.06E-02

Time
0
8
24
48
72
96

1
2.40E+03
3.80E+05
5.70E+05
3.00E+05
4.80E+04
1.62E+05

CFU/mL
2
3
3.80E+03 6.50E+03
4.30E+05 7.20E+04
6.00E+05 2.70E+05
1.05E+06 5.30E+05
9.50E+04 1.03E+05
5.80E+04 1.07E+05

Avg
4.23E+03
2.94E+05
4.80E+05
6.27E+05
8.20E+04
1.09E+05

1
5.67E-01
8.98E+01
1.35E+02
7.09E+01
1.13E+01
3.83E+01

2
8.98E-01
1.02E+02
1.42E+02
2.48E+02
2.24E+01
1.37E+01

C/C°
3
1.54E+00
1.70E+01
6.38E+01
1.25E+02
2.43E+01
2.53E+01

Avg
1.00E+00
6.94E+01
1.13E+02
1.48E+02
1.94E+01
2.57E+01

Stdev
4.92E-01
4.58E+01
4.31E+01
9.08E+01
7.02E+00
1.23E+01

Time
0
8
24
48
72
96

1
1.00E+01
1.00E+00
3.00E+01
1.11E+05
1.00E+06
1.05E+05

CFU/mL
2
3
9.70E+02 1.00E+01
1.00E+00 1.00E+00
3.00E+03 4.70E+03
1.00E+00 4.00E+04
6.40E+05 8.60E+04
1.46E+05 1.17E+05

Avg
3.30E+02
1.00E+00
2.58E+03
7.55E+04
5.75E+05
1.23E+05

1
3.03E-02
3.03E-03
9.09E-02
3.36E+02
3.03E+03
3.18E+02

2
2.94E+00
3.03E-03
9.09E+00
3.03E-03
1.94E+03
4.42E+02

C/C°
3
3.03E-02
3.03E-03
1.42E+01
1.21E+02
2.61E+02
3.55E+02

Avg
1.00E+00
3.03E-03
7.81E+00
2.29E+02
1.74E+03
3.72E+02

Stdev
1.68E+00
0.00E+00
7.16E+00
1.70E+02
1.40E+03
6.39E+01

*Gray boxes: these values were not used in the calculation of the average or standard deviation
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Table C10. Stimulated S. oneidensis MR-1 growth amended with NINOL 40-CO

0
8
24
48
72
96

1
4.60E+08
2.90E+07
1.00E+08
1.03E+08
3.10E+08
4.70E+07

CFU/mL
2
3
7.30E+05 2.30E+07
3.50E+07 3.10E+06
4.10E+09 1.00E+08
5.40E+07 5.40E+06
2.90E+08 4.50E+08
1.60E+08 8.90E+07

Avg
1.61E+08
2.24E+07
1.43E+09
5.41E+07
3.50E+08
9.87E+07

1
2.85E+00
1.80E-01
6.20E-01
6.39E-01
1.92E+00
2.91E-01

2
4.53E-03
2.17E-01
2.54E+01
3.35E-01
1.80E+00
9.92E-01

C/C°
3
1.43E-01
1.92E-02
6.20E-01
3.35E-02
2.79E+00
5.52E-01

Avg
1.00E+00
1.39E-01
8.89E+00
3.36E-01
2.17E+00
6.12E-01

Stdev
1.61E+00
1.05E-01
1.43E+01
3.03E-01
5.41E-01
3.54E-01

0
8
24
48
72
96

1
6.10E+04
6.00E+03
1.76E+06
1.91E+06
4.30E+07
7.60E+07

CFU/mL
2
3
3.30E+04 5.20E+03
1.31E+04 3.20E+03
1.44E+06 1.05E+05
1.81E+06 1.00E+06
9.50E+05 1.69E+08
1.29E+07 6.20E+07

Avg
3.31E+04
7.43E+03
1.10E+06
1.57E+06
7.10E+07
5.03E+07

1
1.84E+00
1.81E-01
5.32E+01
5.78E+01
1.30E+03
2.30E+03

2
9.98E-01
3.96E-01
4.35E+01
5.47E+01
2.87E+01
3.90E+02

C/C°
3
1.57E-01
9.68E-02
3.18E+00
3.02E+01
5.11E+03
1.88E+03

Avg
1.00E+00
2.25E-01
3.33E+01
4.76E+01
2.15E+03
1.52E+03

Stdev
8.44E-01
1.54E-01
2.65E+01
1.51E+01
2.64E+03
1.00E+03

0
8
24
48
72
96

1
1.00E+01
1.00E+00
1.00E+00
4.80E+03
2.30E+04
9.90E+04

CFU/mL
2
3
1.00E+01 4.30E+02
1.10E+03 7.70E+03
5.80E+03 5.40E+04
3.90E+04 3.20E+01
1.52E+05 1.06E+05
1.13E+05 1.00E+04

Avg
1.50E+02
3.85E+03
2.70E+04
1.46E+04
9.37E+04
7.40E+04

1
6.67E-02
6.67E-03
6.67E-03
3.20E+01
1.53E+02
6.60E+02

2
6.67E-02
7.33E+00
3.87E+01
2.60E+02
1.01E+03
7.53E+02

C/C°
3
2.87E+00
5.13E+01
3.60E+02
2.13E-01
7.07E+02
6.67E+01

Avg
1.00E+00
2.93E+01
1.99E+02
9.74E+01
6.24E+02
4.93E+02

Stdev
1.62E+00
3.11E+01
2.27E+02
1.42E+02
4.36E+02
3.72E+02

Time
S-0.37
mM

Time
S-3.7
mM

Time
S-18.5
mM

*Gray boxes: these values were not used in the calculation of the average or standard deviation
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Table C11. Un-stimulated S. oneidensis MR-1 growth amended with SLES

U20
mM

U50
mM

U100
mM

Time
0
8
24
48
72
96

1
0.03
0.025
0.02
0.015
0.292
0.274

Absorbance
2
0.027
0.019
0.023
0.011
0.36
0.454

3
0.039
0.02
0.031
0.018
0.147
0.343

1
9.70E+03
9.96E+02
6.14E+01
1.69E+00
2.11E+16
9.56E+15

CFU/mL
2
3
2.60E+03 2.57E+05
3.24E+01 6.14E+01
3.52E+02 1.46E+04
3.52E-02 1.65E+01
2.89E+17 4.02E+12
5.23E+18 1.58E+17

Avg
8.97E+04
3.63E+02
5.01E+03
6.07E+00
1.03E+17
1.80E+18

1
1.08E-01
1.11E-02
6.85E-04
1.89E-05
2.36E+11
1.07E+11

2
2.90E-02
3.61E-04
3.92E-03
3.93E-07
3.22E+12
5.83E+13

C/C°
3
2.86E+00
6.85E-04
1.63E-01
1.84E-04
4.48E+07
1.76E+12

Avg
1.00E+00
4.05E-03
5.58E-02
6.77E-05
1.15E+12
2.01E+13

Stdev
1.61E+00
6.11E-03
9.28E-02
1.01E-04
1.79E+12
3.31E+13

Time
0
8
24
48
72
96

1
0.036
0.013
0.02
0.054
0.044
0.008

Absorbance
2
0.025
0.019
0.02
0.042
0.043
0.021

3
0.036
0.003
0.003
0.065
0.059
0.023

1
9.45E+04
2.84E-01
6.14E+01
1.49E+07
1.16E+06
6.61E-04

CFU/mL
2
3
9.96E+02 9.45E+04
3.24E+01 3.18E-09
6.14E+01 3.18E-09
6.48E+05 1.51E+08
8.69E+05 4.51E+07
1.13E+02 3.52E+02

Avg
6.33E+04
1.09E+01
4.10E+01
5.56E+07
1.57E+07
1.55E+02

1
1.49E+00
4.48E-06
9.70E-04
2.36E+02
1.83E+01
1.04E-08

2
1.57E-02
5.11E-04
9.70E-04
1.02E+01
1.37E+01
1.78E-03

C/C°
3
1.49E+00
5.01E-14
5.01E-14
2.39E+03
7.12E+02
5.55E-03

Avg
1.00E+00
1.72E-04
6.47E-04
8.77E+02
2.48E+02
2.45E-03

Stdev
8.52E-01
2.94E-04
5.60E-04
1.31E+03
4.02E+02
2.84E-03

Time
0
8
24
48
72
96

1
0.026
0.007
0.008
0.001
0.001
0.002

Absorbance
2
0.02
0.005
0.01
0.006
0.005
0.004

3
0.03
0.001
0.001
0.001
0.001
0.004

1
1.63E+03
1.25E-04
6.61E-04
3.51E-15
3.51E-15
2.01E-11

CFU/mL
2
3
6.14E+01 9.70E+03
1.87E-06 3.51E-15
1.07E-02 3.51E-15
1.82E-05 3.51E-15
1.87E-06 3.51E-15
1.15E-07 1.15E-07

Avg
3.80E+03
4.22E-05
3.79E-03
6.07E-06
6.23E-07
7.69E-08

1
4.28E-01
3.29E-08
1.74E-07
9.24E-19
9.24E-19
5.30E-15

2
1.62E-02
4.92E-10
2.82E-06
4.80E-09
4.92E-10
3.04E-11

C/C°
3
2.56E+00
9.24E-19
9.24E-19
9.24E-19
9.24E-19
3.04E-11

Avg
1.00E+00
1.11E-08
9.99E-07
1.60E-09
1.64E-10
2.02E-11

Stdev
1.36E+00
1.88E-08
1.58E-06
2.77E-09
2.84E-10
1.75E-11
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Table C12. Stimulated S. oneidensis MR-1 growth amended with SLES

S20
mM

S50
mM

S100
mM

Time
0
8
24
48
72
96

1
0.033
0.007
0.02
0.063
0.263
0.317

Absorbance
2
0.018
0.014
0.025
0.063
0.262
0.324

3
0.03
0.015
0.029
0.054
0.146
0.304

1
3.19E+04
1.25E-04
6.14E+01
1.02E+08
5.73E+15
5.90E+16

CFU/mL
2
3
1.65E+01 9.70E+03
7.15E-01 1.69E+00
9.96E+02 6.35E+03
1.02E+08 1.49E+07
5.46E+15 3.69E+12
7.75E+16 3.50E+16

Avg
1.39E+04
8.03E-01
2.47E+03
7.32E+07
3.73E+15
5.71E+16

1
2.30E+00
8.99E-09
4.43E-03
7.37E+03
4.13E+11
4.25E+12

2
1.19E-03
5.16E-05
7.18E-02
7.37E+03
3.94E+11
5.59E+12

C/C°
3
7.00E-01
1.22E-04
4.58E-01
1.08E+03
2.66E+08
2.52E+12

Avg
1.00E+00
5.79E-05
1.78E-01
5.27E+03
2.69E+11
4.12E+12

Stdev
1.18E+00
6.13E-05
2.45E-01
3.64E+03
2.33E+11
1.54E+12

Time
0
8
24
48
72
96

1
0.023
0.005
0.02
0.016
0.047
0.1

Absorbance
2
0.025
0.011
0.016
0.006
0.055
0.042

3
0.037
0.011
0.007
0.026
0.037
0.09

1
3.52E+02
1.87E-06
6.14E+01
3.79E+00
2.64E+06
3.27E+10

CFU/mL
2
3
9.96E+02 1.33E+05
3.52E-02 3.52E-02
3.79E+00 1.25E-04
1.82E-05 1.63E+03
1.88E+07 1.33E+05
6.48E+05 8.78E+09

Avg
4.48E+04
2.35E-02
2.17E+01
5.43E+02
7.18E+06
1.38E+10

1
7.85E-03
4.17E-11
1.37E-03
8.46E-05
5.89E+01
7.31E+05

2
2.22E-02
7.86E-07
8.46E-05
4.06E-10
4.19E+02
1.45E+01

C/C°
3
2.97E+00
7.86E-07
2.78E-09
3.63E-02
2.97E+00
1.96E+05

Avg
1.00E+00
5.24E-07
4.85E-04
1.21E-02
1.60E+02
3.09E+05

Stdev
1.71E+00
4.54E-07
7.68E-04
2.09E-02
2.26E+02
3.78E+05

Time
0
8
24
48
72
96

1
0.036
0.007
0.007
0.012
0.015
0.019

Absorbance
2
0.029
0.006
0.001
0.001
0.01
0.03

3
0.029
0.007
0.008
0.002
0.012
0.027

1
9.45E+04
1.25E-04
1.25E-04
1.04E-01
1.69E+00
3.24E+01

CFU/mL
2
3
6.35E+03 6.35E+03
1.82E-05 1.25E-04
3.51E-15 6.61E-04
3.51E-15 2.01E-11
1.07E-02 1.04E-01
9.70E+03 2.60E+03

Avg
3.57E+04
8.92E-05
2.62E-04
3.48E-02
6.02E-01
4.11E+03

1
2.64E+00
3.49E-09
3.49E-09
2.92E-06
4.74E-05
9.06E-04

2
1.78E-01
5.09E-10
9.82E-20
9.82E-20
3.00E-07
2.71E-01

C/C°
3
1.78E-01
3.49E-09
1.85E-08
5.63E-16
2.92E-06
7.29E-02

Avg
1.00E+00
2.50E-09
7.33E-09
9.74E-07
1.69E-05
1.15E-01

Stdev
1.42E+00
1.72E-09
9.82E-09
1.69E-06
2.64E-05
1.40E-01
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Appendix D Chapter 5 Supplementary Figures

Figure D1. PCA ordination of sediment communities exposed to SDS, CAPB, and CPS
using PCs 1 and 3. The points are labeled by depth interval (for example, “1” represents
7.62 – 8.23), condition (“s” or “u” for stimulated or un-stimulated) and exposure.
Exposures included the following: CAPB1 is 50 mM; CAPB2 is 100 mM; SDS1 is 50
µM; SDS2 is 250 µM; CPS is 1.45 mM. Black circle indicates communities that grouped
together.
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Figure D2. PCA ordination of control communities and communities exposed to SDS,
CAPB and CPS using PCs 1 and 3. Control communities are underlined with a green line
(from 7.62 – 8.23 m bgs), red line (12.34 to 12.95 m bgs), or a blue line (19.66 – 20.27 m
bgs). Treatment communities are labeled by depth interval (for example, “1” represents
7.62 – 8.23), condition (“s” or “u” for stimulated or un-stimulated) and exposure.
Exposures included the following: CAPB1 is 20 mM; CAPB2 is 50 mM; SDS1 is 50 µM;
SDS2 is 250 µM; CPS is 1.45 mM. The colored circles represent communities from the
same depth interval that clustered together.
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